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The  objective  of  this  project  was  to  develop  concepts  and 
methodologies  for  mathematical  and  economic  modeling  of 
material  removal  processes.  This  is  a crucial  step  in  the 
transformation  of  aerospace  manufacturing  from  an 
"experienced-based"  to  a "knowledge  and  data-based"  industry. 

Concepts  and  methodologies  were  developed  and  validated  for 
airframe  end  milling  operations.  The  principal  findings  of 
the  project  were: 

A.  Methodologies  for  Mathematical  Process  Models: 

1.  A recommended  methodology  for  the  development  of 
mathematical  models  of  material  removal  operations 
such  as  end  milling,  turning,  etc.  consists  of 
three  stages:  (1)  initial  tests  to  obtain  viable 
data  to  begin  mathematical  modeling;  (2)  construction 
of  the  feasible  experimental  or  production  region, 
and  (3)  selection  of  further  tests  within  the 
feasible  region  to  optimize  the  experimental 
objective  function. 

2.  The  desirable  feasible  region  should  be  defined 
by  establishing  probabilistic  constraints  (e.g., 

90%  or  95%  confidence)  for  tool  life  and  other 
responses . 

3.  An  experimental  objective  function,  the  D-Optimal 

criterion  which  places  each  additional  test  point  ^ 

at  a location  where  the  variance  is  greatest  within 

the  working  region  until  the  desirable  level  of  J 

variance  and  precision  is  achieved,  is  recommended. 

4.  The  form  of  the  mathematical  model  suitable  for  the 
above  methodology  is  the  first  or  second  order  linear 
in  the  log  transformed  space.  The  log  transformed 
space  appears  to  be  appropriate  for  model  building 
since  the  tool  life  can  be  represented  by  a log  normal 
distribution,  and  since  the  application  of  statistical 
techniques  is  greatly  simplified  as  compared  to  the 
nonlinear  models. 

5.  The  major  sources  of  discrepancy  between  the 
laboratory  tests  and  shop  performance  are  fa)  heat- 
to-heat  and  lot-to-lot  variability  in  the  work 
material  (titanium,  in  this  case)  and  (b)  differences 
in  the  machine  tool-fixture-cutting  tool-workpiece 
dynamic  and  static  rigidity  (end  mill  cutter  and 

holder,  in  this  case) . This  subject  is  important  * 
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SUMMARY  (continued) 


enough  to  deserve  investigation  of  its  own.  The 
limited  number  of  tests  on  item  (a)  conducted  in 
this  project  indicate  ^hat  there  is  a significant 
difference  in  the  tool  life  of  Ti-6Al-4V  heats. 

This  difference  appears  to  be  related  to  the 
differences  in  thermo-mechanical  treatment  received 
by  the  titanium  bars  and  forgings. 

B.  Shop  Floor  Validation 

1.  NC  and  AC  cuts  involving  variable  radial  depth 
and/or  feed  or  other  cutting  variables  produce 
cummulative  degradation  in  tool  wear  and  tool  life 
as  compared  to  cuts  in  which  the  machining  variables 
are  constant. 

2.  The  tool  life  and  cutter  performance  limits  established 
through  laboratory  tests  can  be  correlated  with 

the  production  performance.  In  this  case,  the 
latter  was  found  to  be  somewhat  conservative. 

C.  Economic  Models 


1.  The  basic  form  of  the  economic  model  for  material 
removal  processes  includes  terms  related  to  setup 
and  other  constant  times  and  costs,  feeding  time 
and  costs,  tool  changing  time  and  cost,  tool 
reconditioning  cost,  and  material  costs.  Each  of 
these  terms  includes  mathematical  models  for 
cutting  rate,  tool  life,  material  and  cut  geometry. 
This  form  of  the  economic  model  enhances  tradeoff 
analysis . 

2.  Macro-economic  models  that  relate  process  rates  to 
cost  drivers  are  obtained  from  the  basic  economic 
model  when  only  preliminary  information  on  part 
geometry,  cuts  and  process  parameters  is  available. 
Such  models  are  applicable  to  evaluate  processing 
alternatives  during  process  design,  cost  estimation 
and  preplanning. 

3.  Micro-economic  models  can  be  constructed  from  the 
basic  economic  model  for  optimization  of  process 
parameters  and  for  detailed  cost  analysis.  The 
mathematical  model  of  the  material  removal  process 
is  linked  to  the  micro-economic  model.  This 
enables  comprehensive  process  parameter  optimization. 
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4.  Application  of  the  micro-economic  models  to  detailed 
cost  estimation  and  process  parameter  optimization 
provides  a valuable  tool  for  process  planning  and 
overall  optimization.  This  was  demonstrated  when 
the  process  parameters  for  several  different  end 
milling  operations  on  an  airframe  part  were  investigated 
and  optimized  using  the  micro-economic  models. 

The  cost  of  material  removal  in  these  operations 
(excluding  constant  costs  such  as  setup,  load/unload, 
etc.)  can  be  reduced  by  about  30%  through  optimization 
of  speeds  and  feeds.  The  micro-economic  model  is 
linlted  to  the  mathematical  process  model  to  conduct 
parameter  optimization  within  the  operability 
region. 

D.  Overview  of  the  "Data-Based"  Machining 
Technology  System 

The  schematic  diagram  shown  in  Figure  I,  describes  the 
overall  interrelationships  among  the  various  phases  of 
the  "data-based"  system:  data  collection  and  mathematical 
model,  data  base,  macro-economic  model  and  cost  estimation, 
and  micro-economic  model  and  parameter  optimization. 

The  details  of  each  of  these  phases  are  described 
schematically  in  Figures  II,  III,  and  IV.  An  important 
feature  of  the  system  is  the  flow  of  data  through 
analysis  and  modeling  stages  before  it  enters  the 
economic  models  for  evaluation  of  process  alternatives 
and  parameter  optimization. 

E.  Applications  and  Future  Work 

The  concepts  and  methodologies  presented  are  applicable 
not  only  to  the  specific  material  removal  operations 
investigated,  but  also  to  manufacturing  operations  in 
general.  Application  to  computer  aided  manufacturing 
programs  appears  to  be  especially  promising. 

Specifically,  this  system  should  serve  as  a model  for 
the  development  of  practical  machining  technology 
systems  within  the  Air  Force,  and  industry. 
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Future  work  should  be  directed  towards  the  development 
of  concepts  and  methodologies  in  the  following  areas: 


1.  Material,  M-F-T-W*system,  and  emperical  and 
phenomenological  models  for  material  removal  and 
material  deformation  processes. 

2.  Economic  models  for  design/manufacturing  cost 
interface  through  an  extension  of  the  macro-  and 
micro-economic  models. 

3.  Development  and  verification  of  economic  models 
for  sheet  metal  processes  within  the  scope  of  the 
objectives  of  the  Integrated  Computer  Aided 
Manufacturing  (ICAM)  program. 


* Material-Fixture-Tool-Workpiece 
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MATHEMATICAL  MODELS  NOMENCLATURE 


Lq,  = coefficients  of  mathematical  models 

AD  = axial  depth  of  cut  (in.  or  mm) 

R = cutting  rate  (cu.  in. /min.) 

RD  = radial  depth  of  cut  (in.  or  mm) 

f = feed  (ipr  or  ipt) 

V = speed  (fpm  or  mpm) 

= cutting  force  component  in  the  direction  parallel  to 
feed  (lb.  or  N) 

Fy  = cutting  force  component  in  the  direction  perpendicular  to 
feed  (lb.  or  N) 

F^  = cutting  force  component  in  the  direction  parallel  to 
the  axis  of  the  cutter  (lb.  or  N) 

Fr  = resultant  cutting  force  (lb.  or  N) 

Ft  = tangential  component  (lb.  or  N) 

Ff  = radial  component  (lb.  or  N) 

t = cutting  time  (min.) 

. C = cost/piece  ($/piece) 

P = production  rate  (pieces/hour) 

FL  = flute  length  of  milling  cutter  (in.) 

DM  = diameter  of  milling  cutter  (in.) 

UN  = uniform  wear  on  the  cutter  (in.) 

S.f.  = surface  roughness  (microinch) 

"'Or  = constant  time  and  cost  coefficients 

mi,  = feed  time/cost  coefficients 

"'2 » ^2  = tool  change  and  cost/edge  time  and  cost  efficients 
T = TL  = Tool  Life  (minutes) 

Ht»  He  = productivity  functions,  time  and  cost 
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= vector  of  estimated  model  parameters 
= vector  of  true  model  parameters 
= vector  of  true  dependent  variable  value  for  ^ 

= observed  or  estimated  variance 
= true  (but  unknown)  variance 
= standard  deviation  of  a random  variable 
= vector  of  ith  in  the  independent  variable  space 
= vector  of  residual  errors  based  on  the  fitted  model 
= number  of  tests 

= matrix  of  observed  dependent  variable  values 

= matrix  of  independent  varables  for  the  experimental 
design  (for  the  fitted  model) 

= predicted  mean  response  at  ^ 

= mean  of  g future  observed  responses  to  occur  at  5^ 

(dependent  variable  values) 

= variance-covariance  matrix 

= ith  weigliting  factor  in  V at  ^ 

= variance  of  the  dependent  variable  at  the  ith  point  in  the 
independent  variable  space 

multiple  correlation  coefficient 

= pooled  estimate  of  the  variance  of  the  dependent  variable 

(i)  estimates  a2  if  variance  is  constant?  over  X 

(ii)  estimates  o2,  a scaling  factor  used  in  weTghttd 
least  squares 

^2'"  = (F-test) 
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STATISTICAL  MODELS  NOMENCLATURE  (continued) 


Q = (Burr-Foster  Q test) 

Z = (Unit  normal  variable) 

SS  = sum  of  squares 

d.f.  = degrees  of  freedom 
MS  = mean  square 

ANOVA=  analysis  of  variance 
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= lack  of  fit 
= central  composite  design 
= number  of  independent  variables 
= number  of  model  parameters 

= level  of  statistical  significant  error  of  the 
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= estimated  value  of  statistic  "m" 

= vector  or  matrix  of  quantity  "m" 

= sample  mean  of  statistic  "m" 

("m")  = variance  estimate  for  the  statistic  "m" 

= the  change  in  tool  failure  rate 
coefficient  of  variation 
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1 . 1 Statement  of  the  Problom' 

Material  removal  processes  such  as  machininq  and 
qrinding  lack  adequate  cjuant  i tati  ve  f'h.  racter  ization  . 

This  presents  a major  impediment  to  the  ^mj^rovement  of 
process  design,  planning,  optimization  and  control. 

The  necessity  for  transforming  the  aerospace  manufacturing 
industry  from  "experience-based"  to  "knowledge  and 
data-based"  has  become  increasingly  evident  with  the 
introduction  of  computer  aided  manufacturing.  Adequate 
quantitative  characterization  in  terms  of  usable 
mathematical  models  of  the  specific  material  removal 
processes  involved  is  the  first  crucial  step  in  the 
transformation . 


1 . 2 background 


The  important  material  removal  processes  used  in  the 
aerospace  industry  are  turning,  end  milling,  face 
milling,  drilling,  tapping  and  grinding.  Although 
these  material  removal  processes  are  significantly 
different  from  one  another,  they  all  share  some  basic 
characteristics.  This  fact  has  been  recognized  for 
some  time.  The  basic  characteristics  of  the  chip 
removal  process  can  be  described  schematically  as  shown 
in  Figure  1.  Here  the  required  amount  of  work  material 
is  removed  by  the  cutting  tool  in  the  form  of  chips. 

During  this  process,  the  cutting  tool  wears  in  two  main 
regions:  crater  and  wearland.  Chip  removal  is  achieved 
through  intense  shear  deformation  within  the  shear 
zone.  Another  important  feature  is  the  formation  of  the 
built-up  edge,  which  is  a highly  deformed  portion  of 
workpiece  material  adhering  to  the  tip  of  the  cutting 
tool.  Unstable  built-up  edge  is  one  of  the  prime 
causes  of  poor  surface  roughness.  About  75  percent  of 
the  energy  generated  during  material  removal  is  consumed 
in  the  shear  zone,  regions  1 and  2,  and  the  remaining 
energy  is  consumed  at  the  frictional  interfaces,  3 and 
4.  The  shear  zone  and  frictional  interfaces  characteristically 
have  high  values  of  combined  shear  and  normal  stresses. 

The  shear  zone  involves  intense  shear  deformations  at 
strains  as  high  as  5 in. /in.  and  strain  rates  in  the 
range  of  103  to  10^  in. /in. /sec.  The  temperature  in 
the  shear  zone  and  at  the  frictional  interfaces  may 
range  from  about  800®F  to  1400°F.  The  machined  workpiece 
surface  assumes  certain  tolerance  and  surface  roughness, 
depending  on  the  operating  conditions  such  as  speed, 
feed  and  machine  tool  characteristics. 
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CHIP 


Figure  1 - BASIC  CHARACTERISTIC  OF  THE  MATERIAL  REMOVAL  PROCESS- 
SCHEMATIC  REPRESENTATION 


r 


One  of  the  major  difficulties  in  applying  a phenomenological 
approach  to  material  removal  processes  has  been  that 
the  material  behavior  relevant  to  a material  removal 
process  cannot  be  reproduced  and  studied  except  through 
actual  material  removal  tests.  In  other  words,  meaningful 
data  on  material  be'  "vior  such  as  stress-strain,  strain 
rate  and  temperature  as  they  relate  to  material  removal 
operations  cannot  be  obtained  from  mechanical  testing. 

Over  the  last  90  years  of  research  in  this  area,  several 
different  phenomenological  approaches  have  been  tried 
for  the  development  of  usable  quantitative  characterizations 
of  the  material  removal  processes.  Among  some  of  the 
important  approaches  tried  have  been:  (a)  mechanics  of 
chip  formation;  (b)  plasticity  analysis  using  slipline 
theory,  (c)  thermal  analysis,  (d)  tool  wear  theories, 
and  (e)  metal  physics  and  dislocation  study  of  the 
shear  zone.  Each  of  these  approaches  has  produced 
useful  information;  however,  none  of  these  approaches 
to  date  has  been  able  to  produce  a usable  theory  or 
relationships  that  can  be  used  to  predict  important 
machining  responses  such  as  tool  life,  as-machined 
surface  finish  and  accuracy,  given  the  work  material, 
the  cutting  tool  and  the  operating  conditions. 

1 . 3 Approach 

The  recommended  approach  for  quantitative  characterization 
of  the  material  removal  process  is  that  of  developing 
mathematical  relationships  between  the  machining  response 
and  operating  conditions  directly  through  a set  of 
experiments.  The  approach  involves  the  application  of 
statistically  planned  experiments  and  the  development 
of  statistically  valid,  deterministic  and  probablistic 
mathematical  models  of  material  removal  processes.  The 
mathematical  relationships  developed  through  this 
approach  are  directly  applicable  to  the  material  removal 
processes  used  in  the  aerospace  industry.  It  should  be 
noted  that  the  information  gained  through  the  recommended 
approach  will  provide  valuable  guidelines  for  pursuing 
the  long  range  objective  of  developing  a phenomenological 
understanding  of  the  material  removal  process. 

The  important  input  conditions,  controlling  factors, 
operating  factors  and  output  response  of  the  material 
removal  process  are  shown  in  Figure  2.  The  input 
consists  of  the  machining  conditions  such  as  speed, 
feed,  depth  of  cut,  etc.  The  controlling  factors  which 
dictate  the  constraints  as  well  as  the  operating  region 
are  those  resulting  from  the  machine  tool,  cutting 
tool,  workpiece  material  and  cutting  fluid  used.  These 
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Figure  2 - INPUT,  OUTPUT,  CONTROLLING  FACTORS,  AND  OPERATING  FACTORS 

FOR  QUANTITATIVE  CHARACTERIZATION  OF  MATERIAL  REMOVAL  PROCESS 


controlling  factors  can  be  characterized  quantitatively 
in  terms  of  several  pertinent  aspects.  The  process  is 
also  guided  by  the  operating  factors  such  as  an  economic 
objective  in  terms  of  cost  and  production  rate.  The 
output  of  the  process  is  in  terms  of  machining  response 
such  as  tool  life,  material  removal  rate  (cutting 
rate),  cutting  forces,  surface  roughness,  dimensional 
tolerance  and  surface  integrity  . 

The  key  factors  in  this  approach  are: 

1.  Mathematical  description  of  the  experimental  space 
in  terms  of  the  range  of  variables  such  as  speed, 
feed,  workpiece  hardness,  etc. 

2.  Planning  of  the  least  number  of  statistically 
valid  experiments  within  the  experimental  space. 

3.  Development  of  a methodology  for  deterministic, 
statistical  and/or  probabilistic  mathematical 
models  relevant  to  material  removal  processes. 

1 . 4 Specific  Objectives  of  the  Program 

In  order  to  develop  and  introduce  the  mathematical 
relationships  into  aerospace  material  removal  processes, 
the  following  specific  objectives  were  chosen: 

Phase  I:  Development  of  the  Methodology  for  Mathematical  Model 
Building  With  Specific  Application  to  End  Milling  of  Airframe 
Structures 


The  objective  of  the  methodology  was  to  develop  techniques 
for  statistically  planning  experiments  applicable  to 
material  removal  processes  and  for  building  mathematical 
models  of  the  material  removal  process.  Specific 
application  of  the  methodology  was  for  the  end  milling 
of  airframe  structures. 

Phase  II;  Economic  Analysis  of  the  Total  Materials 
Processing  System 

The  objective  of  the  economic  analysis  was  to  identify 
the  important  cost  factors  and  process  alternatives, 
starting  from  the  shape  of  the  initial  blank  through 
various  materials  processing  operations  used  to  produce 
aircraft  structures  such  as  forging  or  casting,  heat 
treatment,  machining,  grinding  and  finishing.  The 
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important  aspect  of  the  cost  analysis  was  to  develop 
suitable  approaches  for  the  evaluation  of  the  various 
processing  alternatives  available  to  the  aerospace 
manufacturer.  Such  an  analysis  was  performed  either 
manually  or  by  using  a computer. 

Phase  III:  Validation  of  the  Eco.iomic  Analysis  and 
Mathematical  Model  Building  for  Process  Design,  Planning, 
Optimization,  and  Control  of  End  Milling 

The  objective  of  the  validation  was  to  determine  the 
applicability  of  the  economic  analysis  performed  and 
the  model  building  methodology  formulated  to  the  end 
milling  of  airframe  structures  in  the  aerospace  industry. 


In  closing,  it  should  be  noted  that  this  project  represented 
perhaps  one  of  the  first  attempts  to  develop  methodologies 
for  mathematical  modeling  and  economic  analysis  with 
specific  application  to  production  problems.  Indeed, 
continued  future  efforts  are  needed  to  reduce  the  full 
impact  of  these  methodologies  within  the  framework  of 
computer  aided  manufacturing. 
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2.  MATHEMATICAL  MODELS 


2 . 1 Introduction 

This  section  describes  the  work  undertaken  towards  the 
development  of  the  methodology  for  mathematical  model 
building  with  specific  application  to  end  milling  of 
airframe  structures.  In  this  phase,  an  extensive 
review  of  the  literature  on  mathematical  models  for 
material  removal  processes  was  carried  out  in  order  to 
determine  what  different  forms  of  models  have  been 
attempted  in  the  past.  At  the  same  time,  a review  of 
the  literature  on  statistical  methods  of  experimental 
design  and  mathematical  model  building  that  have  been 
applied  to  material  removal  processes  was  carried  out 
to  determine  what  methodologies  have  already  been 
attempted . 

Since  several  statistical  and  mathematical  computer 
program  libraries  are  readily  available  on  most  computer 
networks,  a brief  review  of  these  programs  was  undertaken 
to  determine  which  programs  and  subroutines  could  be 
useful  in  conducting  statistical  planning  of  experiments 
in  model  building  and  in  drawing  inference  from  the 
models.  Various  approaches  to  model  building  were  also 
initiated  using  the  test  data  available  in  the  literature 
and  Air  Force  project  reports,  especially  on  Contract 
No.  F33615-74-C-5025. 

Based  on  observations  during  airframe  end  milling  and 
on  the  work  to  date  on  this  phase,  the  important 
problems  that  must  be  solved  for  the  establishment  of  a 
systematic  mathematical  methodology  for  material  removal 
processes  used  in  this  application  have  been  identified. 

2 . 2 Review  of  Mathematical  Models  For  Material  Removal  Processes 

As  stated  in  Section  1.2,  despite  some  progress  towards 
an  understanding  of  the  material  removal  phenomena,  no 
useful  phenomenological  models  have  yet  evolved.  On 
the  other  hand,  an  empirical  approach  to -model  building 
which  was  first  introduced  by  F.W.  Taylor  (1907)  has 
flourished  to  the  point  where  it  is  ripe  for  application. 
With  this  in  mind,  a comprehensive  literature  review  of 
the  empirical  models  was  undertaken  to  determine  the 
different  forms  that  have  been  developed. 


Before  presenting  a sununary  of  the  review,  it  is  worthwhile 
to  focus  attention  on  the  relationship  between  empirical 
and  phenomenological  models  for  material  removal  processes. 
Phenomenological  models,  like  Newton's  laws  of  motion 
or  Einstein's  relativity  equation,  are  models  that  are 
based  on  cause  and  effect  relationships.  These  relation- 
ships have  been  supported  by  experiments  in  which  the 
uncontrolled  variations  are  small  compared  with  the 
effects  to  be  expected  when  a change  is  imposed  on  the 
system.  In  material  removal,  possible  phenomenological 
models  will  relate  stress,  strain,  strain  rates,  temperatures 
and  workpiece  and  tool  physical  and  chemical  properties, 
such  as  thermal  diffusivity,  specific  heat,  etc.,  to 
the  rate  of  tool  wear,  surface  topography  of  the  machined 
surface,  etc. 

Empirical  models,  on  the  other  hand,  are  introduced 
when  cause  and  effect  relationships  are  not  expected, 
due  to  the  lack  of  insight  into  the  phenomenon.  In 
material  removal,  empirical  models  are  used  to  express 
observed  relationships  between  machining  conditions 
such  as  speed,  feed,  depth  of  cut,  etc.,  and  the  machining 
responses  such  as  tool  life,  cutting  forces,  surface 
finish,  etc.  The  relationship  between  empirical  and 
phenomenological  models  can  be  expressed  by  the  block 
diagram  shown  in  Figure  3,  the  empirical  view  being 
coarser  and  less  exact  than  the  phenomenological.  Yet, 
empirical  models  can  be  applied  directly  to  improve, 
control  and  optimize  material  removal  operations  since 
their  input  and  output  parameters  play  an  important 
role  in  the  economics  of  such  operations.  Great  care, 
however,  needs  to  be  exercised  in  developing  and  in 
using  empirical  models  since  the  effects  under  investigation 
can  become  comparable  with  the  uncontrolled  variations, 
and  there  is  a danger  of  extrapolating  beyond  the 
model's  range  of  validity. 

The  following  review  of  the  empirical  models  for  material 
removal  processes  is  based  on  a critical  analysis  of 
the  references  listed  in  the  bibliography  at  the  end  of 
this  report. 

Since  the  introduction  of  the  first  empirical  model  by 
F.W,  Taylor,  the  following  different  categories  of 
models  have  been  introduced. 


Figure  3 - RELATIONSHIP  BETWEEN  EMPERICAL  AND  PHENOMENOLOGICAL  MATHEMATICAL 
MODELS  OF  MATERIAL  REMOVAL  OPERATIONS 


Deterministic  Models 


Historically,  the  deterministic  models  appeared  from 
about  1900  to  the  mid-  and  late  1960 's.  In  this  era, 
the  following  models  were  proposed:  (a)  extended- 
Taylor,  (b)  second  order  after  logarithmic  transformation, 
and  (c)  non-linear  models.  During  this  period,  model 
fitting  was  primarily  conducted  graphically.  The 
various  deterministic  models  are  listed  in  Appendix  A, 

Table  I. 

Statistical  Models 

Although  the  tendency  of  tool  life  data  to  exhibit 
considerable  scatter  was  recognized  prior  to  the  mid 
1950 's,  researchers  in  the  period  1950-1970  began  to 
apply  statistical  methods  to  measure  the  degree  of 
variability.  Also,  the  techniques  of  least-square  fits 
were  applied  to  generate  the  model  from  the  experimental 
data.  Importantly,  the  statistical  methods  such  as 
factorial  and  fractional-factorial  experiments  and 
variance  analysis  to  draw  statistical  inference  from 
the  fitted  model  were  introduced.  The  various  statistical 
models  are  listed  in  Appendix  A,  Table  II. 

Probabilistic  Models 

Since  the  application  of  statistical  models,  especially 
those  for  drawing  statistical  inference,  involved  an 
implicit  assumption  about  tool  life  distributions 
within  the  experimental  space,  researchers  began  to 
investigate  tool  life  distributions  to  verify  this 
assumption.  By  the  mid-1960's  and  early  1970's,  the 
concepts  of  Bayesian  inference  were  being  applied  to 
develop  probabilistic  tool  life  models.  Recognition  of 
the  fact  that  a tool's  life  may  end  either  by  a gradual 
build  up  of  wear  or  by  a catastrophic  failure  of  the 
cutting  edge  such  as  chipping,  fracture,  etc.,  brought 
forth  probabilistic  models  that  contained  a tool  wear 
function  as  well  as  a hazard  function.  Recently,  the 
tool  wear  phenomenon  itself  has  been  studied  through 
probabilistic  models  that  apply  the  concepts  of  single 
and  multiple  injury  hazard  functions.  The  probabilistic 
models  and  tool  life  distributions  are  listed  in  Appendix  A, 
Table  III.  A more  detailed  discussion  of  some  past 
work  done  with  probabilistic  models  is  given  in  Appendix  B. 
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Stochastic  and  Dynamic  Models 


The  stochastic  nature  of  certain  material  removal 
phenomena  such  as  grinding  abrasive  characterization, 
chatter  and  vibration,  characterization  of  machined  and 
ground  surface  topography,  etc.,  was  recognized  during 
the  early  to  mid-1960's.  Models  of  this  type  were 
based  on  either  discrete  or  parametric  time  series 
analysis  through  auto  correlation  functions  or  spectral 
analysis.  Monte  Carlo  simulation  techniques  were  also 
used.  Stochastic  and  dynamic  models  for  the  development 
of  the  transfer  functions  for  the  machining  processes 
such  as  grinding,  turning,  milling,  etc.,  were  introduced 
primarily  for  their  potential  use  in  adaptive  control. 
During  1973,  the  use  of  continuous  time  series  analysis 
was  introduced  for  modeling,  analysis  and  optimal 
control.  This  approach  led  to  a differential  equation 
for  the  process,  the  parameters  of  which  were  believed 
to  have  physical  interpretation  such  as  the  natural 
frequency  and  damping  factor.  The  major  approaches  and 
models  that  use  stochastic  and  dynamic  modeling  techniques 
are  listed  in  Appendix  A,  Table  IV. 


Models  Other  Than  Tool  Life 


There  have  been  a number  of  mathematical  models  for 
machining  responses  other  than  tool  life,  especially 
surface  finish,  cutting  forces,  horsepower,  etc.  These 
models  have  been  primarily  deterministic  or  statistical 
and  are  listed  in  Appendix  A,  Table  V. 

Conclusions 

The  following  conclusions  were  drawn  from  the  literature 
search: 

(1)  Most  models  have  been  developed  on  the  basis  of 
laboratory  tests,  primarily  designed  to  illustrate 
the  specific  model  building  approach.  The  model 
building  methodology  that  can  be  applied  to  production 
tool  life  has  not  yet  been  reported  in  the  literature. 

(2)  Statistical  inference  techniques  applicable  to  the 
use  of  tool  life  and  other  machining  response 
models  have  not  yet  been  fully  developed. 
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(3)  Although  much  of  the  theoretical  ground  work  for 

mathematical  models  applicable  to  material  removal 
processes  has  been  laid,  comprehensive  experimental 
data  and  practical  applications  of  the  models  are 
presently  lacking. 

In  closing,  it  should  be  pointed  out  that  the  above 
models  have  been  proposed  mainly  on  the  basis  of  limited 
experimental  work  done  primarily  in  academic  environments. 
Specific  consideration  should  be  given  to  the  ability 
of  a model  to  be  relevant  to  an  actual  production 
environment. 


2 . 3 Review  of  Statistical  Experimental  Design  Methods 
Applied  to  Material  Removal  Processes 

2.3.1  Introduction 

The  fundamental  purpose  of  experimental  design  is  to 
efficiently  provide,  through  strategic  interference 
with  the  system  under  study,  a set  of  data  which  can  be 
used  to  estimate  the  effects  which  process  variables 
may  have  on  process  responses  of  interest.  The  specific 
nature  of  the  experimental  design  is,  of  course,  dependent 
upon  the  specific  goals  and  objectives  of  the  study  at 
hand.  Since  mathematical  model  building  is  an  iterative 
procedure  by  nature,  these  goals  and  objectives  will  be 
changing  as  information  and  knowledge  is  built  up.  In 
the  early  stages  of  an  investigation  when  little  is 
known  about  even  which  process  variables  may  be  important, 
two-level  fractional  factorial  designs  may  be  useful  to 
provide  the  necessary  information.  In  the  latter 
stages  of  the  model  building  procedure  when  the  variables 
of  importance  are  identified  and  even  the  appropriate 
model  form  is  known,  emphasis  may  shift  to  improving 
model  precision  and  experiments  may  be  designed  through 
the  D-optimal  criterion. 

While  the  design  of  experiments  is  highly  subjective 
and  requires  sound  judgment  and  common  sense,  several 
important  considerations  can  be  outlined  which  help  to 
guide  the  design  of  the  proper  strategy.  These  are: 
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(2)  When  there  is  a suspicion  of  the  presence  of 
nuisance  or  extraneous  factors  or  time  trends 
which  can  cloud  the  desired  results,  select  the 
test  points  and  testing  sequence  to  produce  blocking 
of  the  nuisance  factors.  Designs  such  as  the 
central  composite  design  which  can  accommodate  a 
sequence  of  orthogonal  blocks  of  tests  are  commonly 
employed  in  these  cases. 

(3)  When  the  appropriate  model  form  has  been  determined, 
select  the  tests  to  maximize  the  improvement  in 
model  precision.  The  D-optimal  criterion  satisfies 
this  goal. 

(4)  When  several  candidate  models  are  being  considered 
at  one  time,  select  the  sequence  of  test  points 
which  place  the  model  in  greatest  jeopardy  and 
provide  for  the  maximum  model  discrimination. 

(5)  When  process  optimization  is  desired  and  previous 
tests  show  that  the  optimum  is  being  approached, 
select  the  tests  to  include  sufficient  levels  of 
each  variable  to  insure  that  the  curvature  of  the 
response  surface  will  be  captured.  Three  level 
factorials  and  central  composite  designs  are 
commonly  used  under  these  conditions. 

(6)  When  little  is  known  about  the  shape  and  orientation 
of  the  response  surface  relative  to  the  independent 
variable  space,  select  the  test  points  in  such  a 
way  to  provide  for  uniform  precision  in  the  model 
predicted  values  over  the  region  of  the  test 
points.  Equal  variance  on  circles  or  spheres 
emanating  from  the  design  origin  is  the  product  of 
employing  the  rotatibility  criterion  in  the  case. 

In  addition  to  the  above  general  considerations  and 
design  criteria,  several  other  factors  surrounding  the 
process  under  study  should  be  taken  into  account  and 
will  impact  the  strategy  developed.  These  include  the 
general  size  and  shape  of  the  region  of  interest  of  the 
independent  variables,  the  nature  of  the  inherent 
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process  error  over  the  region  of  interest,  the  time  and 
cost  of  experimental  runs  and  the  level  of  precision 
required  for  making  predictions  with  the  mathematical 
models  developed  from  the  data. 

There  are  a number  of  critical  factors  which  make 
mathematical  modeling  in  material  removal  processes 
difficult.  An  enormous  number  of  work  materials  and 
tool  materials  exist,  each  with  widely  varying  and 
unique  performance  characteristics,  making  generalization 
and  extrapolation  difficult.  Machine  tools  and  materials 
are  space  and  labor  intensive.  Experimentation  is  time 
consuming  and  expensive  and  often  requires  complicated 
setup  and  instrumentation  to  accurately  and  precisely 
measure  performance.  Unlike  chemical  and  other  batch 
processing  industries,  material  removal  processes  deal 
with  discrete  parts  manufacture  for  which  the  general 
environment  is  less  easy  to  control , generally  subject 
to  high  levels  of  inherent  variation  and  less  understood 
in  terms  of  phenomenological  characteristics  or  mechanism. 
In  the  infancy  of  material  removal  processes  study, 
large  numbers  of  time  consuming  and  expensive  experiments 
were  performed  to  evaluate  process  performance.  A lack 
of  availability  of  appropriate  experimental  strategies 
and  model  building  procedures  severely  hindered  the  work 
of  the  investigator.  The  statistical  approach  has 
contributed  strongly  in  two  fundamental  ways.  First, 
it  has  provided  more  powerful  and  yet  more  realistic 
ways  to  model  and  interpret  metal  processing  phenomena 
in  a more  mathematically  rigorous  framework.  Second, 
it  has  provided  an  approach  capable  of  producing  much 
more  efficient  and  interpretable  experimental  procedures 
and  data  analysis.  It  is  clear  that  such  contributions 
should  be  welcome,  given  the  inherent  nature  of  metal 
cutting  research. 

2.3.2  Application  of  Experimental  Design  in  Material 
Removal  Processes 

In  1964,  Wu  called  attention  to  the  power  of  the  use  of 
statistically  designed  experiments  in  metal  cutting 
research  and  practice.  The  use  of  response  surface 
methodology  was  demonstrated  in  the  development  of  tool 
life  models  with  the  major  points  of  emphasis  being 
three-fold:  (1)  to  provide  an  experimental  strategy 

from  which  math  models  would  be  developed  from  very  few 
strategically  located  tests;  (2)  to  demonstrate  the 
desireability  of  using  more  general  model  forms  in 
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lavoiable'  diie'ctii'iis  to  proci'i'd  Imvaid  pnn'i'ss  opt  imiv.ation. 


1 '( 


Higher  order  experimental  designs  are  necessary  when 
second  order,  third  order  or  perhaps  nonlinear  models 
are  to  be  developed.  Lambert  and  Taraman  (1973) 
employed  the  central  composite  design  (CCD)  configuration 
to  develop  second  order  polynomial  models  to  predict 
cutting  forces  and  surface  finish.  Williams  and 
McGilchrist  also  used  the  CCD  to  develop  the  response 
surface  of  drill  life  as  a function  of  drill  geometry 
and  cutting  conditons.  The  3-level  factorial  was  used 
by  Micheletti  and  Boer  (1973)  to  develop  a more  comprehensive 
tool  life  equation  and  employ  response  surface  methodology 
for  optimization.  In  a study  to  compare  tool  life  in 
single  versus  multi-tooth  milling,  four  and  five  factors 
were  employed  to  provide  for  a more  comprehensive  study 
of  the  variable  effects  for  more  settings  of  the  independent 
variables.  Two,  three  and  five  levels  of  the  various 
factors  were  used  by  Zohdo  (1974)  to  develop  a factorial 
experiment  to  study  the  effects  of  grain  size,  coolant, 
depth  of  cut,  table  and  cross  feed  on  surface  finish  in 
grinding.  A summary  of  the  literature  in  this  area  is 
given  in  Appendix  A,  Table  VI. 

2.3.3  Illustrations  of  Standard  Design  Strategies  Employed 
In  Material  Removal  Processes 


Various  exoerimental  designs  are  available  to  address 
the  varied  objectives  in  the  area  of  machining  experimentation 
and  analysis.  The  following  examples  illustrate  the 
most  popular  experimental  designs  that  have  been  employed 
in  metal  removal  processes  and  the  objectives  they 
accomplish . 

Example  1:  The  initial  investigation  of  a new  process 
or  procedure  requires  the  "screening"  of  the  process 
variables  to  determine  those  that  are  dominant.  As  an 
example,  the  introduction  of  a new  tool  material  such 
as  a ceramic  or  cubic  boron  nitride  presents  the 
possibility  that  process  variables  other  than  velocity 
and  feed  may  have  a significant  effect  on  tool  performance 
or  that  the  effects  may  be  totally  different  than  those 
for  HSS  or  carbide  cutting.  The  list  of  such  variables 
may  include:  radial  depth  of  cut,  axial  depth  of  cut, 
side  cutting  edge  angle,  cutting  fluid  or  coolant,  nose 
radius,  relief  angle,  various  metallurgical  treatments 
of  the  tool  and  others.  The  identification  of  the 
dominant  variables  should  be  done  efficiently  and 
simply  with  respect  to  designing  tool  life  tests.  The 
2-level  factorial  and  fractional  factorial  designs  are 
used  in  this  situation.  Briefly,  the  design  is  constructed 
as  follows: 
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1.  Two  reasonable  levels  are  selected  for  each  variable. 
These  are  designated  high  (+)  and  low  (-)  and 
represent  the  range  of  the  variable  under  consideration. 

2.  For  a full  factorj.al  all  possible  combinations  of 
each  level  are  run  requiring  2^  tests  (k  = number 
of  variables) . 

3.  For  a fractional  factorial,  a "fraction"  of  the 
full  factorial  is  run. 

The  fractional  factorial  design  is  useful  when  k is 
large  and  the  negligence  of  higher-order  interactions 
between  variables  is  assumed.  Important  points  concerning 
the  factorial  design  are: 

1.  The  design  is  orthogonal.  That  is,  independent 
estimates  of  the  effect  of  each  variable  are 
obtained. 

2.  The  design  is  simple  to  construct. 

3.  The  effect  of  each  variable  is  assumed  linear  and 
only  first-order  terms  in  a model  can  be  estimated, 

4.  The  design  is  efficient  in  terms  of  assessable 
parameters  versus  number  of  tests. 

5.  The  design  consists  of  a set  number  of  tests. 

The  factorial-type  design  has  become  popular  in  many 
investigations  of  physical  processes  and  its  usefulness 
in  early  studies  is  well  documented.  It  must  be  remembered, 
nevertheless,  that  in  follow-up  and  more  sophisticated 
investigations  its  usefulness  becomes  limited. 

Example  2:  The  development  of  higher-order  models  for 
process  responses  which  exhibit  quadradic  behavior. 

For  example,  in  many  tool  life  studies  over  a wide 
range  of  cutting  conditions,  the  plotted  tool  life 
response  in  logarithmic  coordinates  is  no  longer  linear. 

In  this  situation  a second-order  model  is  used  and  is 
commonly  developed  using  standard  stepwise  regression 
packages  which  obtain  the  most  appropriate  model  from  a 
"Base  Model"  consisting  of  many  terms  including  second- 
order  terms  and  interaction  terms.  The  experimental 
design  used  to  obtain  data  to  fit  this  model  must  have 
at  least  three  levels  of  each  variable.  The  central 
composite  design  (CCD)  is  often  used.  Briefly,  the 
design  is  constructed  as  follows: 


17 


jsemiiiii 


jk 


1.  A full  2-level  factorial  design  is  set  down  (cube 
points) . 

2.  Center  point (s)  are  added  at  the  center  of  the  2- 
level  design. 

3.  Star  points  are  added  along  lines  projecting  from 
the  center  point  through  the  sides  of  the  square 
or  faces  of  the  (hyper)  cube  at  the  appropriate 
distance  from  the  center  point. 

An  example  in  two  variables  would  be, 


Important  points  concerning  the  central  composite 

design  are: 

1.  Orthogonality  can  be  easily  obtained  by  selecting 
the  correct  distance  of  the  "star"  points  from  the 
center  point  and  the  number  of  replicated  center 
points  to  be  run. 

2.  Full  second-order  models  are  efficiently  estimated. 

3.  The  construction  is  easily  accomplished. 

4.  The  design  can  be  made  rotatable;  that  is,  the 
uncertainty  of  predicted  responses  increase 
uniformly  as  the  conditions  where  the  predictions 
are  made  move  away  from  the  center  of  the  design. 

5.  The  design  consists  of  a set  number  of  tests. 

6.  The  design  can  accommodate  orthoganal  bloc)cing,  ie , 
the  tests  can  be  run  sequentially  in  two  or  more 
non-intersecting  bloc)cs  of  tests. 
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The  central  composite  design  finds  its  greatest  use  in 
the  development  of  models  to  characterize  the  quadradic 
behavior  of  the  response.  Its  use  is  limited  in  initial 
investigations  or  in  highly  constrained  studies  where 
the  feasible  experimental  region  is  irregularly  shaped 
and  the  placement  of  predefined  designs,  such  as  factorials 
and  CCD  is  difficult. 

Example  3;  Process  optimization  via  Response  Surface 
Methodology.  Investigations  are  often  performed  which 
seek  out  the  operating  levels  of  each  controllable 
variable  which  optimizes  the  process  response.  In 
cases  where  prior  knowledge  of  the  optimal  conditions 
is  unavailable,  an  efficient  and  simple  experimental 
search  technique  is  Response  Surface  Methodology  (RSM) . 

Most  physical  examples  are  found  in  the  chemical  processing 
industry  where  the  controllable  variables  such  as 
temperature  and  pressure  are  continuous  and  easily 
controlled.  The  use  in  material  removal  processes  has 
been  limited,  but  possible  applications  could  arise  in 
the  nontraditional  material  removal  processes  s\ich  as 
electrical  discharge  machining  (EDM) . 

Response  Surface  Methodology  is  the  merging  of  two 
techniques;  factorial  designs  and  second-order  designs. 

The  procedure  is  as  follows: 

1.  Initially,  run  a full  or  fractional  factorial 
design  and  estimate  the  linear  effects  of  each 
variable  in  the  region  of  the  tests. 

2.  From  the  linear  effects,  compute  the  direction  of 
steepest  ascent  (greatest  improvement) . This 
direction  is  the  direction  of  largest  slope  along 
the  response  surface  where  the  tests  were  run. 

3.  Run  tests  along  the  steepest  ascent  direction 
until  no  improvement  in  the  response  is  achieved. 

4.  Set  down  another  factorial-type  design  near  the 
last  test  run  and  compute  a new  direction  of 
steepest  ascent. 

5.  Continue  steps  (3)  and  (4)  until  the  improvement 
is  small  and  the  surface  appears  to  be  flattening 
out. 
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6.  Set  down  a second-order  design  and  compute  a 
second-order  model. 

The  model  developed  will  permit  an  approximate  description 
of  the  surface  about  the  optimal  as  well  as  determining 
the  optimal  setting  of  the  variables. 


2.3.4  Needs  and  Directions  in  the  Design  of  Material  Removal 
Process  Experiments 

Since  the  early  1960's,  the  areas  of  planned  experimentation 
in  material  removal  process  studies  have  advanced 
considerably.  Today,  two-level  factorial  and  fractional 
factorial  designs,  three-level  factorials,  central 
composite  design  and  the  other  organized  statistically 
designed  experiments  are  routinely  used  in  material 
investigations  where  they  were  virtually  unknown  to  the 
field  fifteen  years  ago.  The  use  of  experimental 
procedures  such  as  response  modeling  and  process  optimizing 
are  also  becoming  more  widely  accepted. 

With  regard  to  experimental  design  for  material 
removal  processes,  several  directions  need  to  be  given 
more  attention.  A few  of  these  areas  of  needed  study 
and  investigation  are  briefly  outlined  below. 

1.  Design  of  Experiments  to  Improve  Model  Precision 
and  Predictive  Capabilities: 

In  the  past,  much  attention  was  focused  on  the 
identification  of  important  process  variables  and 
the  determination  of  the  appropriate  model (s)  to 
characterize  a given  situation.  Factorials, 
fractional  factorials  and  various  second  order 
designs  have  been  useful  in  this  regard.  Today 
there  is  an  emerging  emphasis  on  mathematical 
modeling  for  prediction,  control  and  optimization. 
Experimental  design  criteria  and  associated 
strategies  should  now  place  more  emphasis  on  the 
predictive  capabilities  of  the  model. 
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2.  Mathematical  Modeling  in  Constrained  Variable 
Spaces ; 

In  early  studies  aimed  at  identifying  important 
process  variables,  the  nature  of  their  effects  and 
the  development  of  descriptive  math  models,  the 
design  of  machining  experiments  did  not  emphasize 
design  economics  as  would  be  necessary  in  the 
design  of  experiments  for  process  planning  and 
economic  production  operations.  As  a result, 
little  attention  was  explicity  given  to  economic 
and  operational  constraints  such  as  surface 
finish,  metal  removal  rate,  minimum  and  maximum 
tool  life  and  tool  forces  and  deflection.  When 
such  factors  are  used  to  define  the  economic 
region  of  study,  the  resulting  variable  space  is 
generally  reduced  in  size  and  irregularly  shaped. 
Common  symmetrically  shaped  designs  are  therefore 
difficult  to  accommodate  and  the  necessary  departures 
from  symmetry  result  in  a loss  of  the  very  properties 
that  their  regular  shape  was  meant  to  provide. 

Design  strategies  based  on  economic  criteria  which 
can  easily  work  within  constrained  variable  spaces 
need  to  be  pursued. 

3.  Development  of  Machining  Data  Bases  on  Shop  Floor 
Production  Operations: 

The  use  of  experimental  design  concepts  to  identify 
points  of  a process  operation  need  not  be  confined 
to  purely  experimental  (laboratory)  process 
studies,  e.g.,  variable  identification,  or  process 
optimization.  There  is  a strong  need  for  individual 
users  to  develop  their  own  data  bases  for  process 
studies,  scheduling,  new  process  development,  etc. 

To  be  powerful  and  of  broad  utility,  a data  base 
should  be  more  than  a collection  of  passively 
observed  process  results.  It  should  contain  data 
developed  from  pre-meditated  process  perturbations. 
Data  bases  collected  across  many  users  may  be 
useful  in  terms  of  identifying  starting  points  for 
process  operations.  However,  individual  users 
must  operate  their  processes  in  such  a way  as  to 
produce  useful  information  on  how  to  improve  the 
process  as  well  as  the  product  itself. 
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4.  The  Complex  Nature  of  Machining  Data  Variation: 

Machining  phenomena  such  as  tool  life  are  subject 
to  high  levels  of  variability  of  a somewhat  complex 
nature.  This  variability  is  generally  a function 
of  the  control  variables  and  arises  from  several 
key  sources  including  material  variation,  process 
stability,  and  the  inhomogeneous  nature  of  the 
cutting  mechanics  itself.  The  nature  of  process 
variation  has  important  implications  in  the  design 
of  experiments  and  mathematical  model  fitting. 

Furthermore,  the  success  of  adaptive  control  which 
rests  heavily  with  development  of  viable  remote 
sensing  will  be  influenced  significantly  by  our 
understanding  of  process  variability.  Identification  i 

of  explicit  variation  sources  and  improved  process  i 

design  and  operation  to  control  variation  are  ; 

important. 

5.  Development  of  Dynamic  Data: 

The  impact  of  time  series  analysis  on  the  study  of 
material  removal  processes  is  now  becoming  significant. 

Temporal  data  collected  on  fundamental  process  j 

responses  has  been  shown  to  contain  considerable 

information  useable  for  process  design,  prediction 

and  control.  The  design  of  experiments  involving 

time  series  data  is  a new  area  which  needs  much 

study.  Sampling  methodologies  for  obtaining 

discrete  records  from  continuous  signals  should  be  •* 

relevant  here.  Frequency  response  methods  have  in  \ 

the  past  been  used  to  identify  the  nature  of  ' 

system  dynamics.  New  modeling  concepts  such  as 

Dynamic  Data  Systems (DDS)  are  now  being  developed  j 

and  applied  to  material  removal  processes. 

It  seems  clear  that  mathematical  modeling  of  material 
removal  processes  for  design,  prediction  and  control  is 
a rapidly  expanding  area  which  will  receive  much  attention 
in  the  next  few  years.  Important  ground  has  yet  to  be 
broken  in  the  area  of  phenomenological  models  for 
metal  cutting  processes.  An  integral  part  of  the 
development  of  this  area  is  the  development  of  methodologies 
for  machining  experimental  design,  both  from  laboratory 
and  production  floor  points  of  view.  Work  must  proceed 

on  both  of  these  points  as  the  needs  for  fundamental  ‘ 

research  studies  and  improving  present  levels  of  machining 
productivity  are  met. 

i 
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2 . 4 Experimental  Design  of  Tool  Life  Experiments 

2.4.1  Inherent  Problems  of  the  Tool  Life  Experimental  Environment 


The  development  of  a tool  life  experimental  strategy  is 
complicated  by  the  presence  of  certain  salient  inherent 
characteristics  of  tool  life  data  and  the  general  tool 
life  experimental  environment.  These  are  the  following: 

1.  The  inadequacy  of  a theoretical  understanding  of 
the  tool  life  phenomenon  that  has  lead  to  a purely 
empirical  approach  in  tool  life  investigation. 

2.  The  highly  non-symmetrical  and  irregularly  shaped 
feasbile  experimental  region  for  metal  cutting 
processes  where  tool  life  must  be  studied. 

3.  The  complex  nature  of  tool  life  data,  particularly 
the  behavior  of  tool  life  variation  or  scatter. 

4.  The  high  cost  of  tool  life  experimentation  in 
terms  of  tools,  material  and  time  expended  to 
develop  an  adequate  tool  life  model  within  the 
economic  operation  region. 

5.  The  uniqueness  in  individual  machine  tool/material/ 
tooling  combinations. 

The  existence  of  these  characteristics  brings  great 
difficulty  to  the  effective  employment  of  commonly  used 
experimental  designs,  such  as  factorials  and  composite 
designs . 

The  difficulty  in  understanding  the  precise  failure 
mechanisms  of  cutting  tools  has  caused  many  empirical 
model  forms  to  be  proposed  to  describe  tool  life 
behavior.  Since  1907,  Taylor's  model  which  describes 
the  observed  exponential  decrease  in  tool  life  as 
cutting  speed  is  increased  has  been  the  most  common 
model  form.  In  recent  years,  complex  and  often  nonlinear 
model  forms  have  been  proposed  to  account  for  the 
various  inadequacies  of  the  Taylor  model.  Most  recent 
investigations  employing  reliability  theory  have  led 
to  probabilistic  tool  life  model  forms  which  may  provide 
clues  into  the  mechanisms  of  tool  failure.  These  model 
forms  need  to  be  further  investigated  and  experimental 
strategies  developed  which  are  capable  of  leading  to 
new  model  forms,  discriminating  between  available  model 
forms  or  being  used  with  various  individual  model 
forms. 
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Generally,  production  operations  and  experimental  tool 
life  investigations  must  be  performed  under  various 
constraints.  These  constraints  often  limit  the  possible 
combinations  of  process  variable  levels  and  define  a 
feasible  experimental  region.  Various  constraint 
equations  (generally  nonlinear)  define  the  feasible 
experimental  region  of  interest  and  vary  for  different 
cutting  processes  and  part  requirements.  If  the 
experimental  region  is  to  be  confined  to  operating 
conditions  conducive  to  economical  machining,  then 
commonly  used  symmetric  experimental  designs  such  as 
the  2-  and  3-level  factorial  designs  may  not  be  appropriate 
since  they  cannot  be  easily  adapted  to  or  oriented 
within  the  irregularly  shaped  regions.  The  definition 
and  construction  of  the  feasible  region  for  experimentation 
or  production  operation  is  a major  aspect  of  any  tool 
life  experimental  strategy. 

The  large  levels  and  inherent  behavior  of  tool  life 
variation  is  a major  concern  in  the  development  of  tool 
life  experimental  strategies.  Recent  studies  have 
shown  that  at  wear  levels  commonly  used  in  practice, 
the  variation  of  tool  life  cannot  be  considered  constant 
even  within  a relatively  small  experimental  region. 

Certain  cutting  conditions  within  the  operability 
region  have  smaller  inherent  variation,  thereby  giving 
more  reliable  information  as  to  the  true  tool  life 
response.  Large  material  variation  from  composition, 
heat  treatment  and  batch  to  batch  (heat  to  heat)  differences 
is  a major  source  of  the  large  scatter  observed  in  the 
performance  of  cutting  tools.  The  large  scatter  often 
requires  many  tests  to  describe  the  behavior  of  tool 
life,  thereby  necessitating  efficient  tool  life  experimental 
strategies.  The  high  cost  of  tool  life  experimentation 
further  requires  efficient  experimentation  to  perform 
only  the  needed  objectives  of  model  development  with 
the  minimum  amount  of  testing. 

The  uniqueness  of  the  tool  life  experimental  situation 
with  respect  to  individual  machine  tools,  material  and 
tooling  suggests  the  difficulty  of  extrapolating  results 
from  an  investigation  into  a production  environment. 

It  is  hoped  that  the  differences  in  the  production 
environment  are  not  so  great  that  they  would  prevent 
the  design  of  experimental  strategies  that  would 
account  for  them.  The  experimental  strategy  would 
involve  the  construction  of  different  feasible  regions 
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for  experimentation  and  production  operation.  The 
production  experimental  regions  would  be  individually 
defined  for  the  particular  production  situation.  The 
experimental  feasible  region  would  include  likely 
production  regions  and  would  be  larger. 

The  tool  life  experimental  environment  is  one  in  which 
the  important  factors  which  influence  tool  life  have 
been  identified  and  the  forms  of  tool  life  models  are 
known.  The  experimental  strategy  should  concern  itself 
more  with  the  estimation  of  model  parameters  and  the 
predictive  capabilities  of  the  model. 

Two  major  aspects  of  the  experimental  strategy  for  tool 
life  model  development  are  (1)  the  proper  construction 
of  the  feasible  experimental  region  and  (2)  the  selection 
and  application  of  the  experimental  objective  function 
or  design  criterion.  That  is,  in  what  general  region 
should  the  test  be  run  and  on  what  basis  should  the 
specific  points  be  chosen?  To  these  ends  we  will  now 
discuss  two  interacting  concepts  explored  in  this 
project.  The  first  is  the  development  of  probabilistic 
process  constraints  for  economic  region  identification 
through  sequential  data  development.  The  second  is  the 
use  of  the  D-optimal  experimental  design  criterion  for 
the  selection  of  test  points  within  the  identified 
region  of  interest. 

2.4.2  Feasible  Experimental  Region  Identification  for 
Tool  Life  Model  Development 

In  many  production  processes,  constraints  are  often 
imposed  on  the  operation  and/or  investigation  of  the 
process.  These  constraints  are  specified  to  satisfy 
part  specifications,  operational  limitations  and  production 
or  experimental  economic  requirements.  For  metal 
cutting  tool  life  investigations,  the  constraints  are 
particularly  important.  Part  requirements  such  as 
surface  finish  and  dimensional  tolerances  are  commonly 
imposed  on  the  production  and,  therefore,  on  the  tool 
life  investigation.  Many  constraints  are  imposed 
solely  on  the  physical  feasibility  limits  of  operation 
for  the  process.  For  example,  if  the  cutting  speed  for 
a turning  process  were  very  low,  it  may  be  impossible 
for  the  tool  to  cut  the  work  material,  i.e.,  to  generate 
the  necessary  horsepower.  Economic  constraints  on 
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production  such  as  production  rate  and  power  consumption 
are  imposed,  as  well  as  economic  constraints  for  the 
investigation  such  as  maximum  number  of  tests,  number 
of  tools  or  amount  of  material  to  be  tested,  and 
overall  time  allowed  for  testing. 

In  addition  to  the  necessity  for  many  of  these  constraints, 
their  implications  to  the  investigation  and  operation 
of  the  process  are  important.  These  implications  are: 

1.  Since  the  region  of  investigation  in  the  variable 
space  is  specifically  defined  and  located,  it  is 
generally  smaller  than  many  unconstrained  investigations 
would  use.  Thus,  the  experimental  model  building 
procedure  may  employ  simpler  model  forms  and 

require  fewer  tests  within  the  region.  Often, 
only  first  order  models  are  needed.  This  has  the 
additional  advantage  of  having  fewer  parameters  to 
be  estimated  thereby  further  reducing  the  required 
number  of  tests. 

2.  The  design  of  the  tool  life  experiments  is  influenced 
by  the  constrained  region  of  investigation. 

Standard  experimental  designs  such  as  the  2-level 
factorial  and  other  symmetric  designs  may  not  be 

as  appropriate  since  it  is  difficult  to  orient 
them  within  the  region.  The  more  "continuous"  and 
sequential  nature  designs,  such  as  the  D-optimal 
design,  which  defines  an  experimental  objective 
function  and  then  selects  the  tests  within  the 
region  to  optimize  this  objective  function,  would 
be  better  suited  for  constrained  regions  since 
they  are  naturally  accommodated  within  a region  of 
any  size  or  shape. 

3.  The  tool  life  investigation  can  be  expanded  to 
include  the  economic  optimization  of  the  process. 
Experimental  objective  functions  may  be  defined 
which  include  the  objective  of  searching  out  the 
region  of  investigation  for  the  optimal  operating 
conditions.  In  this  sense,  the  investigation 
becomes  a dynamic  modeling  and  optimization  procedure 
with  possibilities  of  on-line,  in  production 

usage. 
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It  should  be  clear  that  the  definition  of  the  various 
constraints  and  the  construction  of  the  feasible  region 
of  process  investigation  and  production  operation  are 
critical  aspects  in  the  overall  process  optimization 
and  control.  The  following  sections  present  a general 
mathematical  development  of  both  probabilistic  and 
deterministic  contraints  together  with  their  application 
to  machining  studies.  A machining  example  is  provided. 

Machining  Constraints 

Tool  life  investigations  should  be  performed  under 
conditions  as  close  as  possible  to  production  conditions; 
therefore,  the  constraints  imposed  on  the  production 
process  are  also  applied  to  the  investigation  procedure. 

As  alluded  to  previously,  the  actual  definition  of 
constraints  for  laboratory  investigations  may  be  different 
from  that  for  actual  production.  The  production 
environment  would  be  less  tolerable  of  constraint  violation  than 
the  laboratory  environment  since  a production  violation 
would  likely  cause  unacceptable  parts  and  production 
delays.  A slight  constraint  violation  in  a laboratory 
investigation  can  be  desirable  since  this  may  lead  to  a 
better  understanding  of  the  behavior  of  the  constraint. 

The  relationship  between  the  feasible  production  region 
and  the  feasible  experimental  region  is  analogous  to 
the  statistical  behavior  of  individual  observations  and 
mean  observations.  That  is,  the  laboratory  feasible 
region  could  be  considered  similar  to  the  "confidence 
region"  in  which  a high  percentage  of  all  individual 
production  feasible  regions  would  be  contained  within. 

For  example,  a laboratory  region  constructed  by 
employing  95%  probabilistic  constraints 

should  contain  approximately  95%  of  all  feasible  production 
regions  for  the  particular  process  under  study.  The 
different  production  regions  would  be  the  result  of 
"micro"  differences  in  the  process,  i.e.,  batch  to 
batch  differences,  not  "macro"  differences  such  as  a 
completely  new  material. 

The  analogy  of  individual  observations  versus  mean 
observations  with  production  feasible  regions  versus 
laboratory  feasible  regions  leads  us  to  develop  two 
types  of  probabilistic  constraints  (see  the  following 
section  on  mathematical  derivation  of  constraints) . 

The  first  type,  used  for  laboratory  regions,  is  based 
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on  the  true  mean  constraint  response,  (Yq)  which  is 
similar  to  a confidence  interval.  The  second  type, 
used  for  production  regions,  would  be  based  on  individual 
future  observations  (Yq)  which  is  similar  to  a prediction 
interval  for  one  future  observation.^  Probabilistic 
constraints  will  be  referred  to  as  "YQ-based"  or  "Yq- 
based"  to  signify  the  difference  between  constraints 
used  for  laboratory  regions  and  production  regions, 
respectively.  As  will  be  seen  in  the  following  sections, 
YQ-based  probabilistic  constraints  yield  smaller,  more 
conservative  feasible  regions  which  is  desirable  for 
production  operation. 

The  various  constraints  imposed  on  machining  processes 
can  be  classified  as  deterministic,  stochastic  or 
probabilistic.  The  following  constraints  are  commonly 
employed  in  production  and/or  laboratory  situations: 

A.  Metal  Removal  Rate:  It  is  necessary  to  define  a 

minimum  metal  removal  rate  for  a machining  operation 
to  ensure  that  some  minimum  production  level  is 
met.  Below  such  a level,  speeds  and  feeds  will  be 
far  from  any  economic  optimum  production  level. 

This  constraint  can  be  expressed  as  in. 3 /min., 
pieces/hours,  or  min. /piece.  The  constraint  is 
expressed  mathematically  as, 

g(V,f,d,...)  ^ %1IN 

where  the  function  g is  the  rate  equation  for  the 
process . 

EXAMPLE:  Turning 

R = 12Vfd 

where  R is  the  metal  removal  rate  (in.^/min.),  V 
is  the  cutting  velocity  (ft. /min.),  f is  the  feed 
rate  (in./rev.),  and  d is  the  depth  of  cut  (in.). 

The  constraint  is  deterministic  and  can  be  expressed 
mathematically  as, 

12Vfd  > Rmin 

This  relationship  defines  a subspace  of  the  independent 
variables  where  the  minimum  metal  removal  rate 
constraint  will  be  satisfied. 
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B.  Machine  Limits;  The  maximum  and  minimum  settinqs 
for  a particular  process  are  specified.  The 
maximum  levels  are  defined  by  the  machine  limitation, 
or  part  specification,  work-tool  combination  or 
operator  safety  limits.  The  minimum  levels  are 
set  through  economic  directives  or  physical  feasibility 
limits  of  operation,  such  as  a cutting  speed  that 
is  too  slow  will  not  generate  the  required  horsepower 
to  cut  the  material.  These  constraints  are  deterministic 
and  are  expressed  as: 


'^MIN  < V < 
f^IN  ^ f < fMAX 


Surface  Finish/Cutting  Force/Allowable  Horsepower: 

For  general  metal  cutting  processes,  one  or  more 
of  those  three  constraints  are  usually  specified. 

For  finishing  operations,  a limiting  cutting  force 
can  be  specified  to  insure  dimensional  accuracy; 
furthermore,  surface  finish  requirements  must 
often  be  satisfied.  For  roughing  operations,  the 
maximum  power  available  for  a machine  must  not  be 
exceeded.  F’mpirical  models  can  be  developed  whicli 
describe  the  behavior  of  tliese  constraints.  In 
machining,  it  has  been  well  established  that  the 
model  form  for  all  three  constraints  is  the  general 
power  function, 

f(V,f,d)  = ^-.^jV^lf^^d"-^  (1) 

where  the  a ' s are  the  parameters  of  the 
moi-lo  I . Two  oplii.>ns  .no  .iv.)  i 1 .jl^lo  lor 
obtaining  numerical  values  of  the  a's. 

i)  Obtain  parameter  values  from  a handbook  or  a 
previous  study  involving  the  tool -work 
ma te r i a 1 comb i na t ion , or 


i i ) 


Fstimate  the  parameter  value's  1 rom  ilata 
obtained  iluring  tool  life'  e'xpt'r  i nu'nt  s . 


2') 
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The  first  option  provides  a constraint  model  that 
is  stochastic,  i.e.,  an  uncertain  constraint 
phenomenon  treated  deterministically.  The  construction 
of  this  constraint  would  be  similar  to  other 
deterministic  constraints, 

['  S . f . max . 

a a 2 

if  d — j F max.  (2) 

I liP  max. 


The  construction  of  probabi 1 isitic  constraints 
based  on  such  information  would  not  be  possible 
unless  a means  of  obtaining  a variance  estimate  is 
available.  The  second  option  provides  a more 
accurate  model  for  the  individual  machining  situation 
under  study.  Frobabilisitic  constraints  should  be 
developed.  They  will  change  as  further  tests  are 
run  and  provide  "dynamic"  constraints  which  are 
sensitive  to  the  individual  machining  environment. 
This  would  be  particularly  important  in  on-line 
production  situations  but  not  as  important  for 
laboratory  experimentation.  In  the  laboratory, 
conditions  are  more  controlled  and  the  range 
(distribution  of  operators,  machines,  materials, 
tools,  cut,  etc.)  that  may  be  experienced  in 
production  operations  cannot  be  easily  appreciated 
in  the  laboratory. 


D.  Minimum  and  Maximum  Tool  Life  Constraints:  It  is 
desirable  to  run  tool  life  tests  so  that  Die  life 
of  the  tool  is  at  least  some  minimum  value  but  not 
exceeding  some  maximum  value.  These  limits  are 
sot  i)  to  insure  that  tests  are  run  at  conditions 
which  would  bo  economically  feasible  production 
conditions,  and  ii)  to  insure  that  irreparable 
tool  damage  (breakage  or  chipping)  from  very  short 
tests  and  unduly  prolonged  testinq  from  very  long 
tests  are  avoided.  Initially,  a few  unconstrained 
tests  would  have  to  be  run  to  fit  the  tool  life 
model  and  construct  the  probabi lisit ic  tool  life 
constraints.  The  same  is  true  in  constructing 
other  probabi lisit ic  constraints.  As  with  the 
previously  discussed  constraints,  a general  power 
function  of  the  form. 


VT 


'1 


,1 


= C 


(3) 


was  used  to  characterize  and  predict  tool  life;  where  T 
denotes  the  random  variable  tool  life,  n^,  n2»  n3  and  C are 
parameters  (to  be  estimated)  , and  i ' is  t)ie  random  error 
(here  assumed  to  be  multiplicative) . The  logarithmic 
transformation  conveniently  linearizes  this  form;  that  is, 

LnT  = ( l/n^  ) LnC- ( l/n^^ ) LnV- (n2/nj^ ) Lnf- (n  3/n3  ) Lnd  + Lni  ' 

which  is  the  form  of  a first  order  linear  model.  The 
random  error,  t- , is  assumed  normally  distributed  with 
expected  value  zero  and  variance  For  the  tool  life 

model  development  situation,  it  is  common  to  assume 
that  the  standard  deviation  of  observed  tool  life 
values  is  directly  proportional  to  the  observed  mean 
tool  life,  i.e.,  s.j.  = );T,  whore  k is  the  coefficient  of 
variation  (a  constant)  , and  s-j-  and  T are  estimated 
from  replicated  tests  at  a given  set  of  cutting  conditions. 
If  the  coefficient  of  variation  is  constant  then  the 
variance  of  log- trans formed  tool  life  values  is  constant, 
i.e.,  Var(LnT)  = constant.  Furthermore,  it  can  be 
shown  that  tlie  coefficient  of  variation  is  approximately 
equal  to  the  standard  deviation  of  the  log-transformed 
tool  life;  K ' (t) • 

This  result  allows  us  to  use  standard  least  squares 
regression  analysis  for  the  transformed  tool  life  model 
since  the  assumption  of  constant  variance  (VAR(i.  = lo^) 
over  the  transformed  variable  space  is  satisfied.  The 
construction  of  probabilisitic  constraints  follows 
directly  from  the  regression  analysis  model.  This 
construction  will  be  presented  in  detail  in  the  following 
section,  but  the  constraint  model  obtained  (based  on  ^q) 


the 

form; 

EXP 

r ^ 

xb  + t 

L — m 

t 

1 

(maximum) 

(4) 

EXP 

- t 

(minimum) 

(4a) 

where  ^ is  the  fitted  tool  life  model  (in  matrix 
notation),  tjj,  is  the  appropriate  t-statistic, 
o is  the  estiA^te  of  the  inherent  standard  deviation, 
and  is  the  matrix  representation  of  the 

variance  of  at  x. 
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Mathematical  Derivation 


Operational  limitation  or  economic  feasibility  constraints 
are  often  an  important  element  in  the  investigation 
and/or  optimization  of  physical  processes.  Such  constraints 
are  classified  as  being  either  deterministic  or  stochastic 
and  are  generally  expressed  in  the  following  form: 

g(x)  ^ U (maximum)  (5) 

g(x)  ^ L (minimum)  (5a) 

where  x is  the  vector  of  controllable  variables,  g is 
the  function  defining  the  constraint  in  the  controllable 
variable  space  and  U and  L are  the  critical  values  for 
maximum  and  minimum  constraints,  respectively.  The 
deterministic  contraints  are  often  defined  through 
physical  limitations,  geometric  relationships  or 
operational  directives.  Stochastic  constraints  are 
often  secondary  process  responses  such  as  cutting 
forces,  power  consumption,  surface  finish,  tool  wear 
back,  tool  chipping  and  breakage,  etc.  The  construction 
of  the  stochastic  constraints  is  intended  to  take  into 
consideration  the  uncertainty  associated  with  obtaining 
the  constraint  model,  i.e.,  the  uncertainty  of  the 
constraint  phenomenon  itself.  Such  constraints  are 
important,  since  strictly  speaking,  operations  on 
exactly  a stochastic  constraint  line  will  yield  an 
expected  constraint  violation  approximately  half  of 
the  time.  This  concept  becomes  even  more  relevant 
since  in  many  constrained  optimization  problems,  the 
optimal  solution  lies  on  the  constraint  boundaries. 

While  less  conservative  stochastic  constraint  function 
values  may  insure  satisfactory  process  optimization, 
the  proper  values  when  treated  probabilistically  provide 
for  a more  realistic  process  environment  and  allow  the 
extremes  to  be  approached  in  a more  controlled  manner. 

It  is  therefore  appropriate  to  express  constraints 


probabilistically  as: 

Pr  \ g (x)  < 

!■  > 

1-rt  (maximum) 

(6) 

Pr  , g > 

l\  > 

1-a  (minimum) 

(6a) 
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where  a is  the  risk  of  violating  the  constraint.  For 
deterministic  constraints,  the  value  of  a is  zero  and 
the  function  g (x)  is  simply  the  equation  derived  for 
the  constraint  in  terms  of  the  controllable  variables. 

For  stochastic  constraints,  the  function  g(x)  is 
constructed  using  the  empirically  developed  constraint 
model  and  its  underlying  distributional  properties. 
Constraint  models  commonly  used  are  of  the  linear  form 

Y = Xb  + e 


where 

T 

X.  = (Yt#  72'- ••Yn)  the  (N  x 1)  vector  of 

observed  responses. 

T T T T 

X = (xt  X . . . Xj,^  ) is  the  (N  x P)  matrix  of  independent 
vari^Ies^where  ^ is  the  (1  x p)  vector  of  controllable 
variables  for  the  i^h  test. 

T 

£ = (ej^,  e2/...eN^  the  error  matrix  assumed  to  be 

NID  (0,  lo^)* 

T 

b = (b.,  b2»...b  ) is  the  (p  x 1)  vector  of  model 
parameters . 

The  least  squares  estimates  of  the  parameters  b are 
given  by 


b = (x'^X)"^  x'^Y 

(7) 

Var(b)  = 

(8) 

Var(YQ)  = Xo'^(x'^X) 

1 a2 

^o 

(9) 

Var(Yo)  = Var(YQ)  + 

<D 

(10) 

*When  the  assumption  of  homogeneous  variance  is  not 
justified,  the  weighted  least  squares  always  is 
performed  as  described  in  Appendix  C. 
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where  = ^Qb  is  the  predicted  true  mean  response  at 
Xq,  and^Yg  is  the  predicted  individual  future  observation. 


To  construct  the  g(j{)  function  for  probabilistic  constraints, 
the  distribution  for  yq,  the  predicted  true  mean  constraint 
response  and  Yq,  the  predicted  response  for  a single 
future  observation  is  used.  Both  variables  are  assumed 
to  be  normallY  distributed  with  expected  value  equal  to 
XojS  and  variance  given  bY  equations  (9)  and  (10)  , 
respectivelY . The  construction  of  g(x)  takes  the  form 
of  a one-sided  test  of  hYPotheses  with  the  test's 
critical  value  equal  to  the  critical  constraint  value. 

The  function  g(x)  is  then  defined  as  the  locus  of 
points  in  the  controllable  variable  space  which  satisfies 
the  requirement  that  the  critical  value  in  the  appropriate 
(minimum  or  maximum)  one-sided  test  of  hYpotheses  is 
the  critical  constraint  value.  For  probabilistic 
constraints  based  on  Yq  (used  for  laboratorY  investigations) 
the  function  g(j{)  is  defined  as, 

g(x)  = YQ-t  ( Var  (YJ  ) ^ (minimum)  (11) 

Yo+tj^  ^(  Var  (Y^) ) (maximum)  (11a) 


where  tj„  is  the  t-statistic  for  m degrees  of  freedom. 
For  probabilistic  constraints  based  on  Yq  (used  in 
production  operation)  the  function  g(x)  is  defined  as, 


g(x)  = ^o'^m  a*- (minimum) 

(Yr\))  ^ (maximum) 
u lu  ^ a V 


(12) 

(12a) 


Therefore,  for  linear  constraint  models  of  the  form  Y = 
x6,  the  (100-a)%  constraints  which  satisfY 


and 


and 


Pr  i 

^91  (2S) 

> 

(100 

-a ) % 

(minimum) 

Pr  1 

92  — 

L 

> 

(100 

-a ) % 

(maximum) 

given  as 

A 

9l  = xb  - 

T 

Q> 

g2 (x)  = x6  + 

T 

bcQx 

2 ^ 

^ 

(13) 


(13a) 
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for  constraints  based  on  the  predicted  true  mean  (yq) ; 
or 


g, (x)  = xb  - t 
^1  - — m,  a 


92 (X)  = ^ + t^^^ 


- 

r T _ 1 

a2 

xQx 

+ 1 

0 

1- 

- T . - 

A2'’ 

xQx 

+ 1 

0 

L J 

(14) 

(14a) 


for  constraints  based  on  the  individual  future  observations, 
where  Q = (x'l'x)“l.  The  surfaces  g,  (x)  = L and  92(2)  = U 
define  the  constraint  boundaries  for  the  feasible 
space. 


Probabilistic  Constraint  Example 

A simulated  tool  life  study  for  the  end  milling  process 
was  performed  to  illustrate  the  nature  and  behavior  of 
probabilistic  constraints  under  various  conditions.  A 
single  constraint,  minimum  tool  life  of  15  minutes,  was 
used  to  illustrate  the  following  characteristics  of 
probabilistic  constraints:  first,  the  general  difference 
between  non-probabilistic  (stochastic)  and  probabilistic 
constraints;  second,  the  difference  between  YQ-based 
(laboratory)  and  YQ-based  (production)  probabilistic 
constraints;  third,  the  behavior  of  probabilistic 
constraints  as  the  risk  level  (a)  is  changed;  and 
fourth,  the  behavior  of  probabilistic  constraints  as 
the  degrees  of  freedom  (m)  are  increased.  These  four 
characteristics  were  studied  using  identical  tool  life 
results  provided  by  an  end  milling  tool  life  simulator. 
The  construction  of  the  simulator  is  discussed  in 
Section  2.5.2. 


The  tests  used  were  part  of  a larger  investigation 
performed  to  evaluate  various  complete  tool  life 
experimental  strategies  as  described  in  Section  2.5.3. 

The  end  milling  study  used  three  controllable  variables; 
cutting  speed,  feed  rate,  and  radial  depth  of  cut. 

Eight  tool  life  tests,  defined  by  a 23-factorial  and 
given  in  Table  III  were  simulated,  and  the  results  were 
used  to  fit  the  following  tool  life  model, 

LnT  = 10.71-2.28LnV  - .53Lnf  - .78LnRD  (15) 

or  in  matrix  notation, 

LnT  = ^b  = (1  LnV  Lnf  LnRD)  (10.71  -2.28  -.53  -.  78)"^  (15a) 

with  = .0625  (residual  mean  square). 
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Using  this  fitted  model,  the  probabilistic  minimum  tool 
life  constraint  is  expressed  as 

Pr  |g(x^)  > 15 j>  (100-a)% 

where,  for  ^Q-based  constraints, 

g(Xo)  = Xob  - t „(XoQXo  a 
m, 

and  for  YQ-based  constraints, 

g(xo)  = Xob  - +1) 

The  matrix  Q is  defined  by  the  design  matrix,  X,  and 
is  given  as 


T -1 
Q = (XX) 


where 


1 LnVj^  Lnfj^  LnRDj^ 

1 LnV2  Lnf2  LnRD^ 


X = 


1^1  LnVg  Lnfg  LnRDg  J (20) 

and  where,  Vi,f^,  and  RDj^  are  the  test  conditions  for 
the  ith  t<?/st.  The  various  probabilistic  constraints 
were  constructed  with  identical  values  for  Q,  6,  and  a^. 

The  figures  used  were  constructed  in  the  speed-feed 
plane  for  a constant  radial  depth  of  cut  (RD  = .3  in.). 

Figure  4 shows  contours  of  constant  expected  tool  life 
(T  = 5^6)  for  the  fitted  model.  With  the  non-probabilistic 
minimum  allowable  tool  life  constraint  of  15  min.  the 
feasible  region  would  be  to  the  left  and  below  the  15 
min.  contour.  In  general,  probabilistic  constraints 
are  more  conservative  than  non-probabilistic  constraints. 
Probabilistic  constraint  boundaries  will  define  points 
whose  expected  response  is  well  above  the  minimum 
allowable  level  and  below  the  maximum  level.  The 
margin  of  safety  is  designed  to  insure  a higher  probability 
that  the  constraint  will  not  be  violated.  This  shift 
in  the  constraint  boundary  is  the  most  evident  effect 
of  employing  probabi 2 istic  constraints  as  illustrated 
in  detail  in  the  following  figures. 
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Figure  5 illustrates  the  effect  of  changing  a level  and 
the  difference  between  YQ-based  and  Y -based  constraints. 

The  left  figure  shows  constraint  lines  for  a minimum 

allowable^tool  life  of  15  min.  for  different  values  of  a 

based  on  Yq.  For  this  figure,  the  effect  of  m (degrees 

of  freedom)  was  removed  by  employing  the  Z-statistic  (m 

= ®)  rather  than  the  t-statistic  in  the  constraint 

equation.  The  a=  .50  constraint  line  is  equivalent  to 

the  non-probabilistic  constraint  seen  in  Figure  4,  and 

can  be  expected  to  be  violated  half  the  time  when  tests 

are  run  at  the  constraint  boundary.  As  a is  increased, 

the  constraint  boundary  moves  toward  the  left  becoming 

more  conservative,  i.e.,  the  expected  tool  life  is 

becoming  greater.  The  graph  on  the  right  of  Figure  5 

illustrates  the  effect  of  a on  the  constraints  based  on 

Yq,  The  effect  of  basing  constraints  on  Yq  is  to 

become  very  conservative.  The  increased  movement  of 

the  constraints  can  be  attributed  to  the  additional 

uncertainty  associated  with  individual  tool  life  observations. 

This  results  in  a greatly  reduced  feasible  region.  The 

constraints  based  on  Yq  would  be  more  appropriate  in 

the  production  operation  since  there  is  greater  assurance 

that  individual  tools  will  be  guarded  against 

premature  failure.  For  the  experimental  feasible 

region,  the  constraint  should  be  based  on  ^q.  This 

allows  a model  to  be  developed  over  a larger  region 

which  is  more  likely  to  be  interpolated  within  the 

region  than  extrapolated  beyond  the  region,  and  permits 

the  constraints  of  the  region  to  be  occasionally 

violated,  thereby  resulting  in  better  fitting  constraint 

models  since  the  critical  constraint  response  is 

"straddled"  by  test  responses  below  and  above.  This 

second  point  is  important  since  the  optimal  operating 

condition  is  often  located  on  the  constraint  boundary. 

Figure  6 illustrates  the  effect  of  various  degrees  of 
freedom  on_the  95%  minimum  tool  life  constraint  for  YQ- 
based  and  YQ-based  constraints  respectively.  The 
degree  of  freedom  is  the  number  of  pieces  of  data  used 
to  obtain  the  estimate  of  For  9^  based  on  the 

residual  mean  square  of  the  fitted  model,  the  degrees 
of  freedom  are  m = N-P,  where  N is  the  number  of  tests 
run  and  P is  the  number  of  model  parameters  estimated. 

It  is  seen  that  as  more  tests  are  run  (m  is  increasing) 
the  constraint  becomes  less  conservative.  This  reflects 
the  increased  confidence  in  the  fitted  model  as  more 
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Figure  6 - MINIMUM  PROBABILISTIC  TOOL  LIFE  CONSTRAINTS  FOR  VARIOUS  DEGREES 
OF  FREEDOM  FOR  REDIAL  DEPTH  = 0.3  IN.,  TIME  = 15  MINUTES,  AND 


information  is  obtained.  Figure  6 shows  that  a sizable 
change  in  the  constraint  occurs  in  going  from  m = 1 to 
m = 2 . 


r 


I' 

i. 


>1 


li 


This  change  dramatically  increases  the  feasible  experimental 
region,  and  suggests  that  the  number  of  initial  tests 
run  be  at  least  two  more  than  the  number  of  parameters 
in  the  model.  When  developing  tool  life  experimental 
strategies,  a major  aspect  is  the  selection  of  the 
number  and  location  of  the  initial  set  of  tests.  The 
effect  of  degrees  of  freedom  on  the  probabilistic 
constraints  provides  some  guidelines  in  this  area. 


Two  additional  points  concerning  the  behavior  of  probabilistic 
constraints  should  be  mentioned  that  were  not  readily 
apparent  from  the  previous  figures.  First,  the  shape  of 
the  constraint  is  highly  dependent  on  the  previous  test 
placement  (the  X matrix) . As  the  constraint  is  extrapolated 
beyond  the  current  test  region,  it  becomes  very  conservative 
as  a result  of  the  increasing  variance  of  predicted 
values  away  from  the  test  region.  Second,  the  constraint 
is  dynamic  in  the  sense  that  it  changes  as  tests  are 
run  and  the  model  is  refit.  These  two  points  will  be 
brought  out  in  Section  2.5.2  when  a complete  sequence 
of  tool  life  tests  are  simulated. 

The  following  conclusions  concerning  the  behavior  of 
probabilistic  constraints  can  be  made. 

1)  Probabilistic  constraints  produce  smaller  feasible 
regions  of  interest  than  non-probabilistic  constraints, 
i.e.,  they  are  more  conservative.  Both  laboratory  and 
production  machining  tests  will  benefit  from  a reduction 
in  the  occurrence  of  uninformative  and/or  costly 
unsuccessful  tests. 

2)  Constraints  based  on  Yq  are  more  conservative  than 
those  based  on  and  are  appropriate  in  production 
situations  since  they  greatly  reduce  the  opportunity 
for  "test"  results  which  are  not  consistent  with 
production  requirements. 

3)  As  the  risk  level  (a)  or  the  degrees  of  freedom  (m) 
is  increased  the  constraints  become  less  conservative, 
i.e.,  the  feasible  region  of  interest  becomes  larger. 

4)  The  constraints  should  be  thought  of  as  dynamic  in 
the  sense  that  they  are  continually  updated  and  the 
region  redefined  as  future  tests  are  run. 
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2.4.3  D-Optimal  Design  Criterion 


Introduction 


In  formulating  a tool  life  experiment  strategy,  it  must 
be  realized  that  the  experimental  objectives  vary  with 
the  particular  situation  at  hand  and,  therefore,  require 
approaches  with  differing  points  of  view.  For  the 
general  modeling  situation,  any  one  or  more  of  several 
objectives  could  be  of  interest.  These  might  be 
important  variable  identification,  blocking  out  nuisance 
environmental  factors,  achieving  discrimination  among 
several  candidate  models,  response  surface  identification 
for  optimization  and  control,  precise  parameter  estimation, 
and  improved  model  predictive  capabilities  which  take 
into  account  the  inherent  nature  of  the  variation  over 
the  design  region.  The  tool  life  experimental  situation 
is  one  in  which  the  important  factors  which  influence 
tool  life  have  been  identified  and  the  forms  of  tool 
life  models  are  known.  The  experimental  design  strategy 
should  concern  itself  more  with  the  estimation  of  the 
model  parameters  and  the  predictive  capabilities  of  the 
model . 

The  D-optimal  criterion  has  a long  history  dating  back 
to  Smith  in  1918  and  has  many  appealing  properties. 

Box  and  Lucas  showed  that  D-optimal  experimental 
designs  lead  to  confidence  regions  of  the  smallest 
(hyper)  volume  in  the  parameter  space.  Kiefer  showed 
that  these  designs  minimize  the  maximum  variance  of  any 
predicted  value  over  the  experimental  space.  Further 
attractive  properties  of  the  criterion  are  that  it 
minimizes  the  general  variance  of  the  parameter  estimates 
and  that  the  design  generated  is  invariant  to  parameter 
scale  changes.  However,  the  condition  for  the  optimal 
advantage  to  be  gained  is  that  the  correct  model  is 
known.  Since  the  criterion  is  model  dependent,  it  is 
generally  used  in  situations  where  the  phenomenon  under 
study  is  somewhat  well  known  in  terms  of  important 
variables  and  appropriate  model  forms. 

There  are  numerous  advantages  to  employing  the  D- 
optimal  criterion  which  have  particular  appeal  to  the 
tool  life  situation;  they  are: 

(1)  It  forces  the  experimenter  to  give  some  thought  to 
the  model  form  before  actual  experimentation. 

(2)  The  number  of  experiments  is  not  restricted  in  any 
manner  (to  be  a power  of  2,  for  example) 
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(3)  Sequential  experimentation  is  easily  handled  in 
the  linear  and  nonlinear  situations. 

(4)  Precision  in  the  model  predictions  can  be  enhanced 
with  a minimum  of  experimentation. 

(5)  Nonsymmetr ical  design  regions  are  easily  examined 
since  the  D-optimal  criterion  does  not,  in  general, 
define  the  test  points  a priori.  This  gives  the  ability 
to  "custom  fit"  a design  to  a particular  design  region 
and  model  form. 

(6)  The  inhomogeneous  variance  situation  can  be  easily 
handled  with  the  D-optimal  criterion. 

It  is  clear  that  these  advantages  match  well  with  many 
of  the  problems  inherent  in  the  tool  life  modeling 
situation . 

Mathematical  Statement  of  Criterion 


The  D-optimal  criterion  may  be  summarized  as  follows: 
Consider  the  (in  general,  nonlinear)  model, 

Yi  = f (Xi,F)  + . i (21) 

where  = (l^.,  is  a vector  of  p parameters 

to  be  estimated;  x^  = »X]^  . , X2-,...x.  ) is  a vector  of 
q variables  whose  settings^dete:^minc  tne  i^'^  experimental 
test  conditions;  i { is  the  error  for  the  i^^  test, 
assumed  to  be  normally  and  independently  distributed 
with  mean  zero  and  constant  variance. 
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The  matrix 
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X = 
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«U(x. 
f'f  (Xm 


X is  then  defined  to  be: 

6f  (Xj^/H)/vSi<^.  . . 6f  (x^  , lO /Sl'p 

6f(x^/l')/'St'2''*^^^^i'^'^'^'^^'p 

f » (0  / iS  f ( Xjg  4 , lO  / 1"*  f 2 • • • ^ ^ + K ' 


f ) /<St\ 


(22) 


where  the  first  N rows  correspond  to  the  experiments 
already  run,  and  the  last  )c  rows  correspond  to  the  next 
k tests  to  be  run.  To  provide  the  above  stated  properties, 
the  D-optimal  criterion  is  to  maximize  the  determinant 
of  the  x'^X  (cross-product)  matrix.  It  is  common  to  let 
k equal  1 and  sequentially  plan  the  tests  by  employing 
information  received  from  the  last  test  (and  all  previous 
tests)  to  decide  upon  the  next  test  condition. 
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For  the  special  case  where  the  model  is  linear  in  the 
parameters  (such  as  the  log  transformed  Taylor  tool 
life  model) , it  is  possible  to  optimally  design  the 
complete  set  of  experiments  in  advance.  This  is  true 
since  for  models  linear  in  the  parameters,  the  partial 
derivatives  in  Eq.  (22)  are  functions  of  the  test 
conditons  alone.  Complete  D-optimal  experimental 
designs  have  been  computed  for  standard  linear  models 
employed  in  rectangular  regions.  Many  of 
these  D-optimal  designs  are  exactly  equal,  or  are  very 
close,  to  the  commonly  used  symmetric  designs.  These 
symmetric  designs  not  only  possess  other  desirable 
properties  such  as  simplicity,  rotatability , and 
orthogonality,  but  are  also  optimal  or  very  near  optimal 
as  defined  by  the  D-optimal  criterion  for  the  particular 
linear  models. 

D-Optimal  Examples  in  Tool  Life  Modeling 

The  following  examples  illustrate  the  various  properties 
of  the  D-optimal  design  criterion. 

I.  Model  Dependency  of  D-Optimal  Designs 

The  model  dependency  of  D-optimally  designed  tests  is  j 

illustrated  by  comparing  the  resultant  designs  for  the 
following  models: 

The  linearized  Taylor  model  with  the  interaction  term 
added 

E(ln(T)  )=  Bq  + B-j^Xj^  + B2X2  + (23) 

and  the  second-order  equation  employed  by  Wu 
E(ln(T)  )=  Bq  + Bj^x^  + B2X2  + Bi2^1^2 

BiiXiXi  + b22X2X2  (24) 

where  Xj^  = ln(V),  X2  = ln(f) 

For  the  four-parameter  linear  model  (Eq.23  ),  the  D- 
optimal  design  is  easily  proved  mathematically  to  be 
the  two-level  factorial  design  which  fills  a rectangular 
operability  region.  For  the  second  order  model  (Eq.  24  ) , 
the  D-optimal  design  is  closely  approximated  by  a full 
three-level  factorial  design. 


II. 


Precision  Improvement  of  D-Optimal  Designs 


To  illustrate  the  precision  improvement  obtained  in  the 
fitted  tool  life  models  when  D-optimal  designs  are 
used,  a comparison  was  made  with  results  obtained  from 
a Central  Composite  Desig^.  Figures  7a  and  7b  show 
variance  contours  for  ln(T)  when  the  four-parameter 
linear  model  is  used  and  fitted  with  the  2-level  factorial 
(D-optimal)  design  and  the  CCD,  respectively.  Comparing 
the  variance  contours  from  the  D-optimal  design  after 
eight  tests  with  the  variance  contours  from  the  CCD 
after  nine  tests,  it  appears  that  the  center  of  the 
design  region  has  approximately  equal  variance  levels 
but  differs  near  the  design  boundaries.  Figures  7c  and 
7d  show  the  variance  contours  for  the  second-order 
model  after  nine  tests  for  both  the  3-level  factorial 
D-optimal  design  and  the  CCD,  respectively.  The  maximum 
variance  for  both  models  appears  to  be  at  the  extremes 
of  the  region.  Table  I lists  the  required  number  of 
tool  life  tests  for  both  models  using  both  the  appropriate 
D-optimal  design  and  the  CCD  to  obtain  a + 20  percent 
level  of  precision  in  any  predicted  tool  Tife  value 
within  the  operability  region. 

III.  Adaptability  of  D-Optimal  Designs  to  Irregularly 
Shaped  Feasible  Experimental  Regions 

The  nonlinear  model  suggested  by  Konig  and  DePiereau 
(1969) 

B2  B4 

E(ln(T)  = Bq  + b^V  + B^f  (25) 

was  used  to  illustrate  the  D-optimal  designs  ability  to 
adapt  to  irregularly  shaped  operability  regions,  D- 
optimal  designs  were  calculated  for  two  cases: 

Case  I:  For  a rectangular  design  region; 

Case  II;  For  a nonsymmetr ical  design  region-  constrained 
by  the  operational  limitations  of  maximum  allowable 
horsepower,  minimum  metal  removal  rate  and  maximum 
allowable  surface  finish. 

The  D-optimal  points  selected  for  Case  I are  shown  in 
Figure  8a.  While  the  tests  appear  not  to  follow  any 
symmetric  or  regular  pattern,  some  general  observations 
can  be  made;  namely,  (1)  Most  points  (32  out  of  36) 
fall  on  the  boundaries  of  the  operability  region.  This 
is  expected  since  the  variance  of  predicted  tool  life 
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FIGURE  7a  - CONTOURS  OF  CONSTANT  VARIANCE  OF  PREDICTED  LnT  FOR 
TAYLOR'S  LINEARIZED  MODEL  AFTER  8 D-OPTIMAL  TESTS; 
LEVEL  CODES:  A = 0.13,  B = 0.15,  C = 0.25,  D = 0. 
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FIGURE  7c  - CONTOURS  OF  CONSTANT  VARIANCE  OF  PREDICTED  LnT  FOR 
Wu ' S SECOND-ORDER  MODEL  AFTER  9 D-OPTIMAL  TESTS ; 
LEVEL  CODES:  A = 0.37,  B = 0.40,  C = 0.45,  D = 0. 
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♦Brackets  indicate  that  specified  tests  were  located 
within  this  interval. 


FIGURE  8a  - D-OPTIMAL  TEST  POINTS  FOR  NON-LINEAR  MODEL:  CASE  I 
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increases  rapidly  at  the  boundaries  and  the  D-optimal 
criterion  attempts  to  minimize  the  maximum  variance; 

(2)  Many  points  are  repeated  thereby  allowing  estimates 
of  the  inherent  process  error  to  be  obtained;  (3)  The 
points  are  somewhat  evenly  distributed  near  the  areas 
of  the  nine  local  maxima  of  the  determinant  response 
function  (shown  in  Figure  8b),  i.e.,  points  seem  to  be 
repeated  with  nearly  the  same  frequency. 


Figure  9a  shows  the  constrained  region  along  with  the 
determinant  contours.  The  contours  are  similar  to 
Case  I,  but  are  compressed  into  and  oriented  within  the 
constrained  region.  Again,  there,  appear  to  be  nine 
possible  maxima  within  the  region.  The  D-optimal  test 
points  selected  are  shown  in  Figure  9b.  As  before,  the 
D-optimal  test  points  are  selected  in  areas  of  the 
maxima  within  the  region.  The  D-optimal  criterion 
easily  adapted  to  the  irregular  shape  of  the  region. 
Again,  it  is  seen  that  the  D-optimal  test  set  selected, 
while  not  symmetric,  includes  a high  percentage  (31  out 
of  35)  of  boundary  points  and  has  many  repeated  test 
points . 


IV.  Adaptability  of  D-Optimal  Designs  to  the  Complex  Nature 
of  Tool  Life  Variability 

To  illustrate  the  D-optimal 's  ability  to  adapt  to 
complex  variance  situations,  the  same  constrained 
region  was  used  as  in  Case  II,  but  the  variance  was 
assumed  to  be  a function  of  speed  and  feed.  A second- 
order  equation  was  used  to  generate  the  variance  of 
tool  life  at  different  test  conditions  and  is  shown  in 
Figure  10.  As  seen  in  Figure  10,  the  variance  is 
smaller  for  the  high  speed/low  feed  and  low  speed/high 
feed  combinations  and  increases  rapidly  in  the  high 
speed/high  feed  and  low  speed/low  feed  directions. 

Since  the  variance  is  a function  of  speed  and  feed,  the 
weighted  least  squares  method  should  be  employed.  The 
D-optimal  criterion  for  the  weighted  case  is  to  maximize 
the  determinant  of  the  X ' W~^X  (weighted  cross-product) 
matrix.  The| X’ W~^x| contours  are  shown  in  Figure  11a. 

The  contours  have  shifted  toward  the  lower  variance 
test  conditions  within  the  region,  but  still  have  the 
same  general  shape.  This  is  borne  out  in  Figure  lib 
which  presents  the  D-optimal  test  points  for  the  weighted 
case.  The  test  conditions  specified  have  shifted  to 
favor  the  smaller  variance  locations  (high  speed/low 
feed  and  low  speed/high  feed) . It  appears  that  a 
trade-off  exists  between  properly  selecting  the  tests 
within  the  region  that  are  the  most  sensitive  to  the 
character  of  the  model  and  running  the  tests  in  regions 
of  expected  higher  precision. 
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FIGURE  9a  - CONTOURS  OF  CONSTANT  x'^X  FOR  THE  NON-LINEAR  MODEL 
AFTER  14  TESTS:  CASE  II.  LEVEL  CODES  (XlO-3) : 

A = 2.285,  B = 2.290,  C = 2.295,  D = 2.303,  E = 2.308 
F = 2.320. 
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FIGURE  9b  - D-OPTIMAL  TEST  POINTS  FOR  NON-LINEAR  MODEL:  CASE  II 
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FIGURE  11a  - CONTOURS  OF  CONSTANT  x'’^w~^x|  FOR  THE  NON-LINEAR  MODEL 
AFTER  14  TESTS:  LEVEL  CODES  (x  lO”'^) 

A = 1.06,  B = 1.08,  C = 1.10,  D = 1.13,  E = 1.15, 

F = 1.20,  G = 1.25. 
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lb  - D-OPTIMAL  TEST  POINTS  FOR  NON-LINEAR  MODEL: 
INHOMOGENEOUS  VARIANCE  CASE 
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FIGURE  12b  - CONTOURS  OF  CONSTANT  VARIANCE  OF  PREDICTED  LnT 
FOR  CASE  II  AFTER  15  TESTS  BASED  ON  A 3-LEVEL 
FACTORIAL  DESIGN;  LEVEL  CODES:  A = 0.155,  B 
C = 0.21,  D = 0.25,  E = 0.28,  F = 0.35,  G = 0. 
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V.  Model  Predictive  Improvement  Obtained  With  D-Optimal 
Designs 

To  illustrate  the  improved  predictive  capabilities 
obtained  with  the  D-optimal  design,  a comparison 
between  the  D-optimal  design,  the  3-level  factorial 
design  and  the  CCD  was  performed  for  Case  II.  Figures 
12a,  12b,  and  12c  show  contours  of  constant  variance 
for  ln(T)  for  the  three  designs.  The  following  observations 
can  be  made: 

1.  The  3-level  factorial  design  and  the  CCD  yield 
approximately  comparable  contours  in  shape  and  magnitude 
of  the  variance. 

2.  The  D-optimal  variance  contours  differ  from  those 

produced  from  the  other  designs  in  that  a more  pronounced 
interior  maxima  is  observed.  The  general  magnitudes  1 

are  similar  to  the  other  designs  toward  the  center  of 
the  region,  but  differ  drastically  as  the  boundaries 
are  approached.  The  maximum  variance  is  only  30  percent 
as  large  as  the  maximum  variance  obtained  from  the 
other  designs. 

3.  The  D-optimal  design  does  not  generate  an  improved 
variance  throughout  the  region,  for  example,  near  the 
area  of  the  interior  maxima.  The  sizable  variance 
improvement  obtained  along  the  boundaries  of  the  region 
when  D-optimal  designs  are  employed  is  particularly 
significant  since  the  optimal  economic  cutting  condition 
often  will  be  located  on  or  near  economic  or  operational 
constraints . 

2.4.4  Tool  Life  Modeling  Experimental  Strategies 

The  determination  of  appropriate  strageties  for  the 
design  of  machining  experiments  leading  to  mathematical 
modeling  depends  strongly  on  the  objectives  of  the 
investigation  at  hand  and  preliminary  knowledge  of  the 
nature  of  the  experimental  environment.  The  selection 
of  the  control  variables  under  study,  the  region  of 
interest  of  these  variables  and  the  appropriate  mathematical 
models  for  both  the  basic  response  of  interest  and  the 
constraints  of  the  experimental  environment  have  a 
strong  influence  on  the  experimental  design  strategy  to 
be  employed. 
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Once  the  objectives  of  the  machining  situation  under 
study  have  been  articulated  and  the  experimental  environment 
well  defined,  the  development  and  implementation  of 
tool  life  experimental  strategies  involves  three  stages: 

Stage  I:  Selection  of  an  Initial  Set  of  Experiments 

Stage  II:  Construction  of  the  Feasibility  Region  for 
the  Process  Variables 

Stage  III:  Determination  of  the  Constrained  Experimental 
Design  Machining  Tests 

In  Stage  I,  two  questions  need  to  be  addressed;  first, 

the  number  of  initial  tests  required  to  adequately 

construct  the  feasible  experimental  region,  and  second, 

the  placement  of  those  tests  in  the  controllable  variable 

space  so  that  constraint  models  are  properly  constructed 

and  the  responses  observed  are  reasonable  and,  hopefully, 

near  the  eventual  feasible  region.  The  first  question 

was  addressed  in  Section  2.4.2  when  the  effect  of 

degrees  of  freedom  on  probabilistic  constraints  was 

shown.  It  was  seen  that  the  minimum  number  of  initial 

tests  should  be  at  least  two  more  than  the  number  of 

model  parameters,  i.e.,  P + 2.  Furthermore,  a 

minimum  number  of  initial  tests  should  be  run  since 

they  would  generally  be  non-optimal  as  determined  by 

the  experimental  criterion.  A possible  strategy  for 

the  placement  of  the  tests  would  be  to  place  a full  or 

fractional  2-level  factorial  design  with  optional  center 

points  about  a recommended  operating  point.  This 

recommended  operating  or  base  point  can  be  obtained 

from  current  production  practice  or  from  recommendations 

in  machinability  data  handbooks  provided  by  tool  manufacturers, 

material  producers,  or  individual  machinability  research 

organizations.  This  base  point  would  generally  be 

feasible  and  near  the  eventual  optimal  region. 

In  Stage  II,  the  data  from  the  initial  tests  together 
with  all  other  information  on  the  machining  process 
under  study  (process  objectives,  part  requirements, 
machining  environments)  are  used  to  construct  the 
feasible  region  of  study.  Generally,  a set  of  deterministic 
and  probabilistic  constraint  equations  are  defined  and 
fitted  using  the  initial  test  data  to  construct  this 
region.  Such  feasibility  regions  attempt  to  define  the 
most  desirable  operating  points  based  primarily  on 
economic  grounds  and  are  generally  of  highly  irregular 
shape  and  orientation  in  the  independent  variable 
space.  For  laboratory-based  studies  of  a more  fundamental 
nature,  probabilisitic  constraints  should  be  based  on 
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the  distribution  of  the  true  mean  and  hence  will  yield 
larger  feasible  regions  than  for  production  situations 
where  the  distribution  of  the  mean  of  future  test 
realizations  produce  narrower  feasible  regions. 

Once  the  feasible  region  of  study  has  been  defined,  it 
remains  to  select  and  employ  a design  criterion  to 
produce  a series  of  machining  tests.  For  studies  of 
this  nature,  the  appropriate  model  is  generally  known 
and  interest  focuses  on  precise  parameter  estimation 
for  improved  prediction  capabilities.  In  this  Stage  III 
of  the  total  methodology,  the  D-optimal  design  criterion 
appears  to  be  well  suited  to  the  tool  life  situation. 

The  emphasis  on  model  precision  is  desirable  for  situations 
where  the  model  form  is  known. 

For  broader  tool  life  investigations  where  model  discrimination 
needs  to  be  done,  a joint  criterion  consisting  of  both 
discrimination  and  precise  parameter  estimation  can  be 
defined.  This  joint  criterion  would  shift  the  emphasis 
from  discrimination  to  precise  parameter  estimation  as 
a tool  life  model  is  decided  upon.  The  specific  details 
of  this  criterion  would  need  to  be  developed  for  the 
tool  life  modeling  environment. 

Because  of  the  nature  of  the  D-optimal  design  criterion, 
tests  may  be  planned  and  executed  sequentially  (one-at- 
a-time) . When  nonlinear  models  are  being  employed,  this 
sequential  approach  is  required.  For  linear  models, 
theoretically  all  tests  can  be  D-optimally  planned  in 
advance.  However,  because  of  the  constraint  modeling 
in  addition  to  that  for  the  primary  process  response 
(e.g.,  tool  life),  it  may  be  more  desirable  to  use  a 
sequential  strategy  either  one  test  at  a time  or  in 
small  groups.  In  this  way,  information  from  early 
tests  can  be  employed  to  improve  the  precision  related 
to  the  constraint  modeling  and  therefore  lead  to  better 
design  of  experiments  toward  the  latter  stages  of  the 
investigation.  This  may  be  especially  important  since 
the  D-optimal  criterion  tends  to  select  a large  proportion 
of  the  tests  at  the  constraints,  i.e.,  the  feasible 
region  boundaries. 

Initial  investigations  with  the  D-optimal  experimental 
design  criterion  have  revealed  certain  characteristic 
patterns  of  behavior  with  the  test  selection.  This  has 
lead  to  the  suggestion  that  sub-optimal  test  arrangements 
could  be  easily  identified  and  implemented  without  the 
need  to  mathematically  evaluate  the  objective  function 
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to  exactly  locate  the  optimal  test  location  sequentially. 

For  example,  in  irregularly  shaped  variable  spaces,  the 
D-optimal  criterion  chooses  a high  proportion  of  points 
at  the  constraint  boundaries.  For  first  order  models, 
these  points  generally  fall  at  the  vertices  of  the 
constrained  region.  Hence,  by  simply  employing  a 
vertex  design  to  specify  the  test  points,  a sub-optimal 
design  arrangement  can  be  developed  with  great  simplicity. 

Further  work  is  needed  to  study  the  degree  of  sub- 
optimality involved  and  the  best  strategies  to  employ 
when  the  number  of  tests  needed  is  larger  than  K (the 
number  of  vertices) , when  second  order  or  nonlinear 
models  are  used  and  when  complex  variance  situations 
are  encountered.  Simplified  designs,  based  on  the  D- 
optimal  concept,  should  have  particular  utility  in  shop 
floor  ongoing  production  situations. 

For  Stage  III,  various  termination  criteria  need  to  be 
developed.  For  specific  part/production  investigations, 
the  maximum  variance  of  any  predicted  tool  life  within 
the  final  experimental  region  can  be  specified.  For 
example,  requiring  an  uncertainty  of  ± 20%  in  predicted 
tool  life  anywhere  within  the  feasible  experimental/production 
region  is  possible.  Often  the  investigation  termination 
criterion  is  predetermined  by  the  economics  of  the 
experimentation.  For  example,  material  and  tool  quantities, 
allocated  experimentation  time,  cost  of  labor,  overhead 
on  equipment,  etc.  could  each  determine  an  upper  limit 
on  the  number  of  tests  to  be  run.  It  is  for  this 
reason  that  the  optimization  of  the  experimental 

criteria  to  obtain  the  objective  of  the  experimentation  i 

is  important. 

Figure  13  shows  a flow  chart  to  illustrate  the  design 
of  the  machining  experiments  methodology  described 
above.  Initial  tests  are  defined  based  on  machining 
data  handbook  guidance  together  with  known  operational 
and  physical  process  constraints.  Performance  constraints 
may  then  be  developed  based  on  the  data  collected  from 
these  initial  tests  which  indicate  process  results  with 
respect  to  such  performance  measures  as  tool  life, 
surface  finish,  horsepower  requirements,  etc.  Once  the 
constraints  are  used  to  construct  the  region  of  interest, 
further  testing  is  specified  with  emphasis  on  precise 
modeling  results  and  the  development  of  baseline  data 
for  other  uses  in  the  future. 
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2.5 


Analysis  of  Available  Machining  Data 


2.5.1  Analysis  of  Turning  Inconel  718  With  Cubic  Boron  Nitride 
(CBN)  Compact  Tools 

As  part  of  the  diamond  and  Borazon®  CBN  compact  cutting 
tool  technology  program  conducted  by  the  General  Electric 
Company  under  ARPA  Contract  No.  F33615-73-C-5180 , 
mathematical  models  were  deve^ped  for  predicting  the 
cutting  performance  of  BorazoiP  CBN  inserts  when  machining 
Inconel  718.  The  primary  conclusions  and  recommendations 
from  this  study  took  the  form  of  general  guidelines  for 
operating  conditions  when  cutting  Inconel  718  with 
Borazon  inserts  in  a variety  of  machining  situations 
including  rough,  semi-finish  and  finish  operations. 

In  order  to  formulate  these  guidelines,  an  experimental 
design  was  performed  which  examined  the  resulting  tool 
wear  conditions  and  workpiece  surface  finish  when 
machining  Inconel  718  with  Borazon®  inserts  over  broad 
ranges  of  cutting  speeds,  feed  rates,  depths  of  cut  and 
side  cutting  edge  angles  (SCEA) . Each  variable  was 
allowed  to  take  on  one  of  three  equally  spaced  settings/levels 
in  a cuboctahedron  scheme  producing  a total  of  36  tests 
including  four  center  parts. 

For  each  of  the  36  tests,  measurements  of  three  types 
of  tool  wear  were  made  over  time  so  that  typical  wear 
curves  could  be  developed.  One  of  the  wear  measures, 
uniform  wear,  was  used  as  the  primary  measure  of  tool 
life.  The  other  two,  DCL  wear  and  wear  back,  were 
considered  limiting  measures  or  constraints  for  which 
cutting  beyond  would  give  rise  to  tool  failure/destruction 
regardless  of  the  level  of  uniform  wear. 

Application  of  Stepwise  Regression  Analysis  Using 
General  Electric  BorazonOJ  Data 

For  purposes  of  this  section  of  the  report,  the  uniform 
wear  data  from  the  General  Electric  study  has  been 
chosen  to  demonstrate  how  a stepwise  regression  builds 
a tool  life  model.  A method  for  defining  optimum 
ranges  of  machining  parameters  based  on  the  model  is 
also  given.  The  basic  model  used  for  analysis  of  the 
uniform  wear  end  point  data  was  a natural  logarithmic 
transformed  second  order  polynomial  of  the  form: 
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where  TL  = 

: tool  life 

(time  to 

0.30 

in.  uniform  wear) ; V 

= speed  (fpm);  f = feed  (ipr) ; RD  = radial  depth  of  cut 
(in.);  SC  = side  cutting  edge  angle  (degrees);  bQ , 
are  fitted  coefficients. 


^1'  • • • '*^34 

Figure  14a  shows  the  data  input  to  the  stepwise  regression 
program.  The  first  attempt  to  model  the  data  yielded 
an  obvious  outlier  data  point  which  for  this  analysis 
has  been  deleted.  Stepwise  regression  analysis  chooses 
a subset  of  the  terms  of  the  basic  model  according  to  a 
partial  F-level  criterion.  The  program  starts  by 
choosing  the  most  important  term  from  the  basic  model 
and  moving  in  a stepwise  manner  includes  more  terms 
until  no  more  terms  satisfy  the  user  specified  criterion. 

An  example  of  the  stepwise  procedure  is  shown  in  Figures  14b 
through  14f.  At  some  points  in  this  procedure,  terms 
that  were  considered  important  and  included  in  the 
early  stages  were  found  to  be  unimportant  and  were 
removed  again  based  on  the  partial  F-level  criterion. 

The  result  was  a compact  model  which  defines  tool  life 
as  a function  of  machining  parameters.  As  a check  the 
model  was  then  used  to  make  predictions  of  tool  life 
for  the  original  test  points.  Figure  14g  shows  a 
comparison  of  the  actual  tool  life  from  the  tests  with 
the  tool  life  as  predicted  by  the  model. 

The  model  resulting  from  the  General  Electric  test 
program  was  as  follows: 

InTL  = -29.4488  + 13.5834  InV  -1 . 4303 (InV) ^ -0.09261nf  InV 


+ 3.6995  InRD  -0.6091  InRD  InV 

The  log  residual  standard  deviation  was  0.1898  with  a 
square  of  the  multiple  correlation  coefficient  of 
0.9600.  This  was  interpreted  to  say  that  96%  of  the 
variation  of  the  data  was  explained  by  the  model.  It 
is  interesting  to  note  that  the  SCEA  did  not  appear  in 
the  resulting  model . This  means  that  the  SCEA  was  not 
significant  at  the  user  chosen  95%  level. 


(29) 
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In  order  to  appreciate  what  the  model  was  saying,  plots 
were  necessary.  Figures  15a,  15b,  and  15c  are  plots  of 
the  resulting  model.  They  were  constructed  with  lines 
of  constant  tool  life  on  plots  of  feed  versus  speed. 

The  plots  show  that  any  combination  of  feed  and  speed 
that  falls  on  a given  constant  tool  life  line  will 
yield  the  same  near  tool  life.  The  radial  depth  and 
SCEA  were  constant  for  each  individual  plot.  Since  the 
SCEA  was  not  used  in  the  model,  plots  for  different 
SCEA  values  were  unnecessary. 

As  an  aid  in  recommending  economic  operating  regions, 
lines  of  constant  material  removal  rate  have  been 
overlaid  on  the  feed  versus  speed  plots.  Since  these 
lines  usually  do  not  run  parallel  to  the  constant  tool 
life  lines,  it  can  be  seen  that  for  different  combinations 
of  feed  and  speed  at  a constant  material  removal  rate, 
different  tool  life  will  result.  Therefore,  barring 
any  constraints  such  as  surface  finish  requirements, 
for  any  desired  material  removal  rate,  the  speed  and 
feed  should  be  selected  so  as  to  maximize  the  tool 
life.  The  points  of  maximum  tool  life  for  each  specific 
material  removal  rate  form  a line  which  we  call  the  R- 
T-F  curve.  A detailed  description  of  this  concept  may 
be  found  in  two  papers  by  Friedman  and  Tipnis  (1976). 
Relative  to  this  data  analysis,  the  R-T-F  curve  is 
very  speed  specific.  At  a radial  depth  of  0.01  in., 
the  R-T-F  concept  points  to  an  optimum  speed  of  about 
450  sfpm.  As  the  radial  depth  increases,  the  R-T-F 
curve  moves  to  lower  speeds  until  at  a 0.08  in.  depth 
of  cut,  the  R-T-F  curve  moves  beyond  the  range  of  the 
test  data.  Once  the  general  location  of  the  R-T-F 
curve  has  been  identified  more  specific  tests  in  this 
range  might  be  run  to  pinpoint  its  location.  This, 
then,  becomes  another  factor  in  the  step-by-step  design 
of  experiments. 


2 
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Comparison  of  Tool  Life  Experimental  Strategies 
Through  Simulation 


Computer  simulation  of  the  tool  life  experimental 
environment  was  used  to  develop  and  test  various  experimental 
strategies  for  tool  life  modeling.  This  procedure 
employed  a "basic-model",  developed  for  each  process 
response  from  actual  machining  data,  to  simulate  the 
behavior  of  the  response  at  various  test  points  within 
the  experimental  region.  Using  simulation  to  evaluate 
various  strategies  provided  a consistent  experimental 
environment.  Unbiased  evaluations  of  the  strategies 
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RD 

SC 

TL 
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900.C000 
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7 

900.0000 

0.0040 
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13 
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14 
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0.0100 
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15 
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0.0800 

15.0000 

6.3000 

16 

600.0000 

0.0060 

0.0450 

30.0000 

12.0000 

17 

900.0000 
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45.0000 

5.8000 
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300.0000 
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0.0100 

30.0000 

17.0000 
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30.0000 
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45.0000 
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45.0000 
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32.5000 
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45.0000 
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300.0000 

0.0080 

0.0450 

15.0000 

26.0000 

32 

900.0000 

0.0080 

0.0800 

30.0000 

2.2000 

33 

900.0000 

0.0080 

0.0450 

15.0000 

2.9000 

34 

900.0000 

0.0060 

0.0100 

45.0000 
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35 
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0.0040 
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FIGURE  14a  - EXAMPLE  OF  STEPWISE  REGRESSION  ANALYSIS  PROGRAM 
OUTPUT  FOR  BORAZON®  TURNING  OF  INCONEL  718 
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BZK  TURNING  SQUARE  TOOLS  INCONEL  718 
REGRESSION  ANALYSIS 

DEPENDENT  VARIABLE  TL 

RESIDUAL  STANDARD  DEVIATION  0.4163 

STANDARD  ERROR  OF  THE  MEAN  0.0704 

MULTIPLE  R 0.8838 

MULTIPLE  RSQR  0.7811 

VARIABLE  ENTERED  SQV 

VARIABLE  B - COEF  STD  ERR  OF  B PARTIAL-R  BETA-COEF  STD  ERR  BETA 

SQV  -0.1365  0.0126  -0.8838  -0.8838  0.0814 

CONSTANT  7.9896 

ANALYSIS  OF  VARIANCE  TABLE 

SOURCE  D.F.  sun  OF  SQUARES  MEAN  SQUARE  F 

mean  1 0.22109E+03  0.22109E+03 

REGRESSION  1 0.20404E+02  0.2C404E+02  0.11776E+03 

ERROR  33  0.57179E401  0.17327E400 

FARTIAL-F  OF  LEAST  SIGNIFICANT  VARIABLE  IN  MODEL  IS  117.7590 
FARTIAL-F  OF  MOST  SIGNIFICANT  VARIABLE  NOT  IN  MODEL  IS  7.3994 


FIGURE  14b  - EXAMPLE  OF  STEPWISE  REGRESSION  ANALYSIS  PROGRAM 
OUTPUT  FOR  BORAZON®  TURNING  OF  INCONEL  718 


70 


AD-A053  339 


UNCLASSIFIED 


METCUT  RESEARCH  ASSOCIATES  INC  CINCINNATI  OHIO  F/6  13/8 

mathematical  modeling  of  material  removal  PROCESSES  FOR  IMPROVC<~CTC(U) 
SEP  77  V A TIPNIS*  S A V06EL*  S C BUESCHER  F33615-76-C-525A 
1566«23599  AFML-TR-77-154  NL 


LBOM’ 


BOIXiaB 


e-Q 


IMK 


6ZK  TURNING  SQUARE  TOOLS  INCONEL  718 


REGRESSION  ANALYSIS 
DEPENDENT  VARIABLE 
RESIDUAL  STANDARD  DEVIATION 
STANDARD  ERROR  OF  THE  MEAN 
MULTIPLE  R 
MULTIPLE  RSQR 


0.3810 

0.0644 

0.9068 

0.8222 


VARIABLE  ENTERED 


F V 


VARIABLE 

B - COEF 

STD  ERR  OF 

B PARTIAL-R 

BETA-COEF 

STD  ERR  BETA 

SQV 

-0.1756 

0.0184 

-0.8600 

-1.1372 

0.1193 

F V 

-0.0978 

0.0359 

-0.4334 

-0.3245 

0.1193 

CONSTANT 

6.3704 

ANALYSIS  OF 

VARIANCE  TABLE 

SOURCE 

D.F. 

SUM  OF  SQUARES  MEAN 

SQUARE 

F 

MEAN  1 
REGRESSION  2 
ERROR  32 


0.22109E+03 

0.21478E+02 

0.46440E+01 


0.22109E+03 

0.10739E+02 

0.14513E+00 


0.73997E+02 


FARTIAL-F  OF  LEAST  SIGNIFICANT  VARIABLE  IN  MODEL  IS  7.3994 
PARTIAL-F  OF  MOST  SIGNIFICANT  VARIABLE  NOT  IN  MODEL  IS  8.5528 
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FIGURE  14c  - EXAMPLE  OF  STEPWISE  REGRESSION  ANALYSIS  PROGRAM 
OUTPUT  FOR  BORAZON®  TURNING  OF  INCONEL  718 
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oZK  TUNNING  SQUARE  TOOLS  INCONEL  718 
NEGNtSSION  ANALYSIS 

DEPENDENT  VARIABLE  TL 

residual  STANDARD  DEVIATION  0.3A27 

STANDARD  ERROR  OF  THE  KEAN  L.0579 

KULTIPLE  R 0.9277 

KULTIPLE  RSQR  0.8607 

VARIABLE  ENTERED  V 

VARIABLE  B - COEF  STD  ERR  OF  B PARTIAL-R  BETA-COEF  STD  ERR  BETA 

V IS. 9665  5.A595  0.4650  8.2891  2.8343 

Si.y  -1.4550  0.4378  -0.5126  -V.4207  2.8345 

F V -0.0965  0.0323  -0.4726  -0.3204  0.1073 

CONSTANT  -43.1406 

ANALYSIS  OF  VARIANCE  TABLE 

SOURCE  D.F.  SUK  OF  SQUARES  MEAN  SQUARE  F 

MEAN  1 n.22109E-»03  0.22109E403 

REGRESSION  3 C.22482E*02  0.74940E+01  0.65826E+02 

ERROR  31  0.36398E+01  0.11741E+00 

PARTIAL-F  OF  LEAST  SIGNIFICANT  VARIABLE  IN  MODEL  IS  8.5528 
PARTIAL-F  of  most  SIGNIFICANT  VARIABLE  NOT  IN  MODEL  IS  7.9978 


FIGURE  14d  - EXAMPLE  OF  STEPWISE  REGRESSION  ANALYSIS  PROGRAM 
OUTPUT  FOR  BORAZON®  TURNING  OF  INCONEL  718 
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BZN  TURNING  SQUARE  TOOLS  INCONEL  718 


REGRESSION  ANALYSIS 
DEPENDENT  VARIABLE 
RESIDUAL  STANDARD  DEVIATION 
STANDARD  ERROR  OF  THE  MEAN 
MULTIPLE  R 
MULTIPLE  RSQR 


TL 

C.3095 

0.0573 

C.943A 

0.8900 


VARIABLE  ENTERED 


VARIABLE  B - COEF  STD  ERR  OF  B PARTIAL-R  BETA*COEF  STD  ERR  BETA 


16.0824 

-1.A716 

-0.0989 

-0.0267 


A. 9314 
0.3955 
0.0292 
0.0094 


0.5116 

-0.5620 

-0.5259 

-0.4588 


8. 3492 
-9.5283 
-0.3284 
-0.1762 


2.5602 

2.5605 

0.0970 

0.0623 


CONSTANT 


-43.8638 


ANALYSIS  OF  VARIANCE  TABLE 


SOURCE 


SUM  OF  SQUARES  MEAN  SQUARE 


MEAN 

REGRESSION 

ERROR 


0 .22109E+03 
0.23248E402 
0.28737E401 


0.22109E+03 

0.58120E+01 

0.95790E-01 


0.60675E+02 


FARTIAL-F  OF  LEAST  SIGNIFICANT  VARIABLE  IN  MODEL  IS  7.9978 
FARTIAL-F  OF  MOST  SIGNIFICANT  VARIABLE  NOT  IN  MODEL  IS  50.7965 


FIGURE  14e  - 


EXAMPLE  OF  STEPWISE  REGRESSION  ANALYSIS  PROGRAM 
OUTPUT  FOR  BORAZON®  TURNING  OF  INCONEL  718 


i 


B2N  TURNING  SQUARE  TOOLS  INCONEL  718 


r 


REGRESSION  ANALYSIS 

DEPENDENT  VARIABLE  TL 

residual  STANDARD  DEVIATION  0.1898 

STANDARD  ERROR  OF  THE  MEAN  0.0321 

MULTIPLE  R 0.9798 

MULTIPLE  RSQR  0.9600 

VARIABLE  ENTERED  RD 


VARIABLE  B - COEF  STD  ERR  OF  B PARTIAL-R  BETA-COEF  STD  ERR  BETA 


V 

13.5834 

3.0440 

0.6380  7.0518 

1.5803 

RD 

3.6995 

0.5191 

0.7979  3.7517 

0.5264 

SGV 

-1 .4303 

0.2425 

-0.7384  -9.2609 

1 .5704 

F V 

-C.0926 

0.0179 

-0.6923  -0.3075 

0.0595 

RCV 

-C.6091 

0.0819 

-0.8099  -4.0214 

0.5409 

CONSTANT 

SOURCE 

D.F. 

29.4488 

ANALYSIS  OF  VARIANCE  TABLE 

SUM  OF  SQUARES  MEAN  SQUARE 

F 

MEAN 

1 

0.22109E+D3 

0.22109E+C3 

0.13927E403  I 

REGRESSION 

5 

0.25077E+02 

0.50155E>01 

ERROR 

29 

0.10444E*01 

0.36013E-01 

FARTIAL-F  OF  LEAST  SIGNIFICANT  VARIABLE  IN  MODEL  IS  19.9128 
FARTIAL-F  OF  MOST  SIGNIFICANT  VARIABLE  NOT  IN  MODEL  IS  4.8157 


FIGURE  14f  - EXAMPLE  OF  STEPWISE  REGRESSION  ANALYSIS  PROGRAM 
OUTPUT  FOR  BORAZON®  TURNING  OF  INCONEL  718 
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BZN  TURNING  SQUARE  TOOLS  INCONEL  718 


ASE 

ACTUAL 

PREDIC  TED 

RESIDUAL 

PCT  ERRO 

1 

2.7001 

3.0404 

-0.3403 

-12.6 

d 

3.5999 

3.2733 

0.3265 

9.1 

3 

4.2999 

3.9256 

0.3743 

8.7 

4 

16.0002 

12.8820 

3.1182 

19.5 

b 

45.9981 

41.0366 

4.9615 

10.8 

6 

21 .6001 

23.5914 

-1 .9913 

-9.2 

7 

6.9999 

9.8722 

-2.8723 

-41.0 

8 

8.9998 

7.6461 

1 .3537 

15.0 

9 

35.5984 

46.7275 

-11.1291 

-31.3 

10 

19.4005 

14.5991 

4.8,015 

24.7 

11 

15.2001 

14.6303 

0.5698 

3.7 

12 

16.6999 

14.6303 

2.0696 

12.4 

13 

36.9993 

37.7157 

-0.7164 

-1.9 

U 

20.3993 

22.01 53 

-1 .6160 

-7.9 

15 

6.2997 

9.7018 

-3.4021 

-54.0 

16 

11.9999 

12.8820 

-0.8821 

-7.4 

17 

5.8002 

5.0664 

0.7338 

12.7 

18 

16.9998 

20.2646 

-3.2648 

-19.2 

19 

11.0001 

12.8820 

-1.8819 

-17.1 

20 

15.4994 

14.5991 

0.9003 

5.8 

21 

53.2022 

37.7157 

15.4865 

29.1 

22 

7.1000 

6.3783 

0.7218 

10.2 

23 

10.0001 

9.7018 

0.2983 

3.0 

24 

13.3005 

12.8820 

0.4185 

3.1 

25 

3.5999 

3.0404 

0.5595 

15.5 

26 

20.8990 

22.0153 

-1 .1163 

-5.3 

27 

41.6000 

41  .0366 

0.5634 

1.4 

28 

5.4997 

5.0664 

0.4333 

7.9 

29 

32.4987 

23.5914 

8.9073 

27.4 

30 

28.4003 

28.4514 

-0.0511 

-0.2 

31 

26.0001 

28.4514 

-2.4513 

-9.4 

32 

2.2001 

2.5363 

-0.3362 

-15.3 

33 

2.9000 

3.2733 

-0.3734 

-12.9 

34 

6.7998 

7.6461 

-0.8462 

-12.4 

35 

25.1989 

29.2284 

-4.0295 

-16.0 

JOB  COMPLETED 


FIGURE  14g  - EXAMPLE  OF  STEPrtlSE  REGRESSION  ANALYSIS  PROGRAM 
OUTPUT  FOR  BORAZON®  TURNING  OF  INCONEL  718 
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Figure  15b  - PLOT  OF  MODEL  PRODUCED  BY  STEPWISE  REGRESSION  ANALYSIS  OF  BORAZON 
TURNING  OF  INCONEL  718 


TURNING  OF  INCONEL  718 


were  obtained  since  the  effects  of  unknown  influences 
on  response  performance  were  eliminated  or  controlled. 

For  example,  physical  disturbances  found  in  actual 
experimentation  such  as  material  differences,  ambient 
conditions,  time  trends,  etc.,  were  removed  completely 
or  were  included  in  the  level  of  random  "noise"  imbedded 
in  the  "basic  model". 

The  simulation  of  various  strategies  is  also  much  less 
expensive.  Aside  from  the  physical  savings  such  as 
material,  tools,  labor,  etc.,  a savings  can  also  be 
realized  in  the  study  of  the  feasibility  and  appropriateness 
of  proposed  strategies.  First,  any  number  of  different 
strategies  can  be  evaluated.  Minor  aspects  of  various 
strategies  such  as  the  range  of  a certain  variable  in 
the  initial  factorial  design  can  be  easily  and  clearly 
evaluated  while  every  other  aspect  of  the  strategy 
remains  exactly  the  same.  Second,  each  strategy  can  be 
evaluated  for  as  many  tests  as  necessary.  Finally,  any 
strategy  can  be  easily  verified  by  re-simulating,  and 
the  sensitivity  of  each  strategy  to  such  factors  as 
"basic  models"  and  random  noise  levels  can  be  checked. 


The  "basic  models"  used  to  simulate  the  response  (tool 
life)  and  the  constraints  (surface  finish,  force,  etc.) 
should  be  general  and  "universal"  in  nature  and,  if 
possible,  different  from  the  models  used  in  the  proposed 
strategy.  This  insures  that  the  estimation  of  the 
parameters  in  the  strategy  is  not  unduly  biased.  An 
example  of  a good  "basic  model"  is  the  general  nonlinear 
Konig  and  DePiereux  tool  life  model.  The  nonlinear 
models  are  rarely  recommended  to  be  used  in  specific 
part/production  tool  life  studies  since  they  apply  over 
a broader  range  of  machining  conditions  and  suffer  the 
difficulty  of  obtaining  parameter  estimates.  Often  a 
response  is  clearly  represented  by  only  one  model,  and 
finding  a different  model  to  be  used  as  a ''basic  model* 
is  impossible.  This  is  particularly  true  for  some  of 
the  constraint  responses  where  the  same  model  is  used 
in  the  strategy  and  as  the  "basic  model." 


The  characteristics  of  the  random  noise  imbedded  in  the 
'basic  model*  should  be  consistent  with  the  actual 
observed  behavior  of  the  process  response  being  simulated. 
A study  by  Wager  and  Barash  (1971)  showed  that  for  the 
tool  life  response,  the  inherent  variation  was  normally 
distributed  with  expected  value  zero.  The  variance  was 
shown  to  be  related  as  o2  = K^T^,  i.e.,  a constant 
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coefficient  of  variation.  This  variation  behavior  in 
actual  tool  life  results  in  a constant  variance  for 
logarithmic  transformed  tool  life.  Commonly,  this 
variance  level  is  estimated  by  the  mean  square  residual 
of  the  fitted  "basic  model"  in  log-transformed  variable 
space.  More  recent  studies  of  tool  life  variation 
(Friedman  and  Zlatin,  1974  and  DeVor,  Anderson  and 
Zdeblick,  1976)  have  demonstrated  a non-constant  coefficient 
of  variation  in  tool  life  data.  For  these  situations, 
it  is  necessary  to  determine  how  the  variance  of  the 
response  behaves  over  the  range  of  variables  and  imbed 
this  behavior  in  the  ^basic  model*.  Machining  responses 
other  than  tool  life  are  commonly  assumed  to  behave 
similarly  to  tool  life  where  the  variance  is  assumed 
constant. 

.5.3  End  Milling  Analysis 

To  demonstrate  the  ideas  presented  in  Section  2.4,  the 
rough  end  milling  operation  was  analyzed.  A tool  life 
and  cutting  force  simulator  was  developed  from  actual 
machining  data  to  perform  the  analysis.  The  purpose  of 
the  analysis  was  two-fold:  first,  to  investigate  the 
procedure  necessary  to  construct  feasible  laboratory  or 
production  regions  of  operation  and  to  illustrate  the 
properties  and  behavior  of  these  regions;  and  second, 
to  demonstrate  two  different  tool  life  experimental 
strategies  and  evaluate  their  performance.  The  strategies 
differed  only  in  their  selection  of  the  initial  tests 
(Stage  I).  A better  understanding  of  the  impact  of  the 
initial  test  selection  on  the  experimental  strategy  was 
obtained  and  general  guidelines  concerning  the  selection 
were  put  forth. 

The  analysis  was  performed  for  three  variables,  cutting 
velocity  (V) , feed  rate  (f ) and  radial  depth  of  cut 
(RD) . The  axial  depth  of  cut  was  not  included  since  it 
was  felt  that  this  variable  would  often  be  specified 
based  on  the  part  configuration,  number  of  passes 
required,  etc.  Previous  studies  (Tipnis)  also  showed 
axial  depth  of  cut  to  be  less  significant  than  the 
three  chosen.  The  basic  models  used  in  the  simulator 
were  taken  from  a previous  Air  Force  study  performed  by 
Metcut  Research  Associates  Jnc.  (Contract  No.  F33615- 
74-C-5025) . The  tool  life 'basic  model' used  wasi 

LnT  -28.06  + 14.83LnV  -1.78(LnV)^  -.39(LnRD)^ 

+.39 (Lnf ) (LnRD)  (30) 
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with  random  noise  added  as  NID  (0,  .24^).  The  basic 
model‘s  for  the  cutting  force  response  was 

LnF  = 21.19  - 4.98LnV  - 1.26LnRD  + . 56 (LnV) ^ 

+. 095 (LnV) (Lnf ) - . 17 (Lnf ) (LnAD) 

+. 39 (LnV) (LnRD)  (31) 

with  random  noise  added  as  NID  (0,  .08  ).  For  the 
milling  analysis,  the  linearized  Taylor  model 

LnT  = bo  + b^LnV  + b2Lnf  + b^LnRD  (32) 

was  used  as  the  D-optimal  tool  life  objective  model  and 
the  tool  life  constraint  model.  The  linearized  power 
function 

LnF  = “Sq  (33) 

was  used  as  the  force  constraint  model. 

To  illustrate  the  feasible  experimental  region,  the 
eight  initial  tests  of  the  first  strategy  were  used  to 
construct  the  region.  Table  II  lists  the  constraint 
limits  under  which  this  region  was  constructed. 

Table  III  lists  the  test  conditions  used  for  the  initial 
tests  and  the  simulated  tool  life  and  force  values 
obtained.  The  minimum  and  maximum  tool  life  constraint 
was  constructed  probabilistically;  the  force  constraint 
was  stochastic  but  constructed  non-probabilisticallv, 
and  the  metal  removal  rate  constraint  was  deterministic 
and  given  as: 

15.28  (F)  (f)  (RD)  (AD)  > (34) 

The  maximum  and  minimum  limits  for  each  variable  were 
selected  corresponding  to  the  range  of  each  variable 
used  to  develop  the  tool  life  and  force  simulator 
"basic  models".  The  feasible  region  can  be  viewed 
physically  as  a volume  in  3-space  whose  surfaces  are 
defined  by  the  constraint  equations.  To  graphically 
present  this  volume,  feasible  areas  were  drawn  in  the 
velocity-feed  plane  for  different  values  of  radial 
deptli  of  cut.  Each  of  the  following  figures  consists 
of  a number  of  these  feasible  areas  which  should  be 
viewed  as  being  "staclced"  on  one  another  in  the  radial 
depth  direction. 
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Figure  16a  shows  the  feasible  experimental  region 
constructed  using  95%  probabilisitic  tool  life  constraints 
based  on  The  shaded  areas  represent  the  feasible 

areas  in  the  V-f  plane  at  the  various  values  of  radial 
depth.  Figure  16b  shows  the  region  constructed  with 
probabilisitic  tool  life  constraints  based  on  Y..  The 
non-symmetrical  shape  of  both  regions  and  the  greatly 
reduced  size  of  the  YQ-based  (production)  region  was 
readily  seen.  The  smaller  Yq  based  region  is  consistent 
with  our  thinking  that  a production  feasible  region 
should  be  very  conservative  and  restrictive  and  viewed 
as  just  one  of  many  possible  realizations  of  the  production 
environment.  The  experimental  region  consisted  of  a 
high  percentage  of  all  possible  realizations  of  the 
production  environment.  The  experimental  region  constructed 
based  on  did  include  the  smaller  production  region 
constructed  based  on  Yq.  Finally,  the  shape  of  these 
regions  suggested  that  even  if  the  variable's  maximum 
and  minimum  limits  were  not  specified,  the  region  would 
still  be  enclosed  by  the  tool  life,  force  and  metal 
removal  rate  constraints.  This  was  important  since  it 
suggested  that  even  relatively  unconstrained  more 
general  investigations  would  yield  some  enclosed 
region . 

The  two  experimental  strategies  were  performed  under 
identical  experimental  conditions  as  listed  in  Table  II 
and  differed  only  in  the  specification  of  the  initial 
set  of  tests.  The  first  strategy  was  to  run  a full  2^ 
factorial  with  each  variable's  range  being  defined  by  the 
maximum  and  minimum  limits  on  the  variable.  Table  III 
shows  the  results  obtained  from  the  initial  eight 
tests.  The  second  stragety  defined  six  initial  tests 
by  using  a 23-1  fractional  factorial  with  two  center 
points.  The  range  of  each  variable  for  the  fractional 
factorial  was  reduced  to  half  the  previous  size. 

Table  IV  shows  the  results  obtained  from  the  initial 
tests.  Six  tests  were  chosen  to  permit  two  degrees  of 
freedom  in  the  estimate  of  a2  as  suggested  in  Section  2.4.2 
(Nq  > P + 2)  . 

To  select  the  remaining  tests  for  both  strategies,  the 
feasible  region  was  constructed  and  the  contours  of 
constant  jx^xl  were  computed  based  on  the  D-optimal 
design  criterion  and  were  plotted.  Figures  17a,  17b, 
and  17c  show  the  feasible  region  with  the  |X^X| contours 
superimposed  after  various  numbers  of  tests  for  the 
first  strategy.  Figures  18a  and  18b  show  the  same  for 
the  second  strategy.  With  the  aid  of  a grid  search  over 
the  region  and  the  plots  of  the  jj^'^xl  contours,  the 
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FIGURE  18a  - FEASIBLE  REGIONS  WITH  Ix'^xl  CONTOURS.  SECOND  STRATEGY 


r 


i 

! 

I next  D-optimal  tests  were  selected.  This  procedure  was 

employed  until  24  tests  were  simulated  for  the  first 
strategy  and  12  tests  for  the  second.  Tables  III  and 
IV  show  the  D-optimal  test  conditons  selected,  the 
simulated  tool  life  and  cutting  force  responses  and  the 
tool  life  model  parameters  obtained  after  various  tests 
for  the  first  and  second  strategies,  respectively.  • 


In  evaluating  the  two  strategies,  the  following  points 
were  made: 

(1)  Behavior  of  The  Contour:  In  the  first  strategy, 
the  shape  of  the  |X'i'x|  contours  varied  slightly  as  the 

16  additional  tests  ftwice  the  number  of  initial  tests)  were 

added  in  a non-symmetrical  manner.  The  stabilizing 

effect  of  the  large  factorial,  which  completely  enclosed 

the  following  feasible  regions,  was  evident.  In  the 

second  strategy,  the  initial  tests  were  run  in  nearly 

the  same  locations  as  were  eventually  defined  as  the 

feasible  region.  The  additional  tests  were  run  at  points  close  to 

the  initial  tests  and  had  a greater  effect  on  the  shape 

of  the  |x'^x|  contours.  As  was  seen  in  the  second  strategy, 

the  orientation  and  center  location  of  the  contours 

were  not  as  stable  as  in  the  first  strategy.  In  general, 

the  further  away  from  the  "center-of-gravity"  a test 

point  was,  the  greater  the  effect  it  had  on  the  behavior 

of  the  contours.  By  specifying  a widely  spaced  initial 

set  of  tests,  hoping  to  enclose  the  eventual  feasible 

region,  the  contour  shapes  were  generally  not  greatly 

influenced  by  additional  tests. 

The  location  of  the  center  of  the  contours  was  affected 
as  additional  tests  were  run.  The  center  appeared  to 
"move"  toward  regions  where  were  are  run,  thereby 
allowing  tests  to  be  run  in  regions  not  heavily  tested. 

All  of  the  D-optimal  tests  selected  were  located  on  the 
constraint  boundaries  of  the  region.  This  was  expected 
with  first-order  linear  models. 

(2)  Violation  of  Constraints:  The  significant  violation 
of  constraints  in  specifying both  the  initial  tests 

and  the  additional  constrained  tests,  is  a major  concern 
in  the  experimental  strategy.  The  risk  of  running 
unfeasible  initial  tests  increased  significantly 
with  widely  spaced  initial  tests.  In  the  first  strategy, 
employing  the  large  factorial  design  to  determine  the 
initial  set  of  tests,  3 out  of  the  8 initial  tests 
violated  the  tool  life  constraint  and  4 out  of  8 violated 
the  force  constraint.  In  the  second  strategy,  none  of 
the  initial  tests  violated  the  tool  life  constraint  and 
only  2 out  of  6 violated  the  force  constraint,  and 


90  i 

II 

,y 

i; 


1 


TABLE  I 


NUMBER  OF  TESTS  REQUIRED  TO  ACHIEVE 
SPECIFIED  PRECISION  FOR  VARIOUS  LINEAR  MODELS 
AND  EXPERIMENTAL  DESIGNS 


Tool  Life 
Model 

(Tool  Life) 
Experimental  Design 

Number  of 
Required  Tests* 

Taylor's 

Linearized 

Model 

Eq.  (3) 

D-Optimal 

(2-Level  Factorial) 

17 

CCD 

47 

Hfu's 

Second-Order 

Model 

Eq.  (4) 

O-Optimal 

(3-Level  Factorial) 

27 

CCD 

60 

* Number  of  tests  required  to  achieve  at  least  a ± 20  percent 
level  of  precision  in  any  predicted  tool  life  value  within 
the  rectangular  operability  region. 
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TABLE  II 


MILLING  TEST  SIMULATOR:  EXPERIMENTAL  CONDITIONS 


VELOCITY:  100  SfPM  TO  200  SfPM 

FEED:  .004  IPT  to  .008  IPT 

RADIAL  DEPTH:  .1  TO  .5 
AXIAL  DEPTH:  1.0  IN. 

MIN.  M.R.R.:  2.0  IN.^/MIN. 

MAX.  FORCE:  1500  LBS. 

MAX.  TOOL  LIFE:  90  MIN. 

MIN.  TOOL  LIFE:  15  MIN. 

TEST  SELECTION  CRITERION:  D-OPTIMAL 


TABLE  III 


MILLING  TEST  SIMULATOR;  FIRST  STRATEGY  DATA 


TEST  NO. 

VEL. 

FD. 

R.D. 

T.L. 

FORCE 

1 

100. 

.004 

.1 

163.04 

651.78 

2 

200. 

.004 

.1 

24.99 

407.32 

3 

100. 

.008 

.1 

69.86 

938.5 

4 

200. 

.008 

.1 

26.05 

599.93 

5 

100. 

.004 

.5 

40.25 

1717.97 

6 

200. 

.004 

.5 

7.67 

1865.49 

7 

100. 

.008 

.5 

31.07 

2336.17 

8 

200. 

.008 

.5 

5.13 

2143.10 

9 

190 

.008 

.1 

17.07 

530.60 

10 

100 

.004 

.34 

69.73 

1406.19 

11 

100 

.008 

.Id 

113.73 

1420.48 

12 

190 

.008 

.1 

22.00 

549.82 

13 

185 

.004 

.18 

28.59 

603.32 

14 

100 

.004 

.34 

74.23 

1377.6 

15 

195 

.004 

.18 

30.57 

637.19 

16 

100 

.008 

.18 

98.74 

1392.84 

17 

200 

.008 

.1 

17.80 

562.60 

18 

150 

.004 

.44 

25.58 

1520.92 

19 

100 

.008 

.22 

78.67 

1610.47 

20 

200 

.008 

.1 

15.73 

641.29 

21 

155 

.004 

.46 

14.57 

1253.11 

22 

200 

.004 

.18 

33.73 

591.79 

23 

100 

.004 

.34 

70.63 

1400.09 

24 

100 

.008 

.18 

90.07 

1201.54 

TABLE  III  (continued) 


TEST  NO. 

if 

8 

10.711 

-2.28 

-.529 

-.779 

.0625 

9 

10.67 

-2.33 

-.59 

-.75 

.0593 

10 

10.70 

-2.39 

-.65 

-.74 

.0562 

11 

12.44 

-2.56 

-.48 

-.75 

.0915 

12 

12.44 

-2.56 

-.48 

-.76 

.0802 

16 

11.54 

-2.51 

-.62 

-.77 

.0852 

20 

11.81 

-2.58 

-.64 

-.73 

.0732 

24 

11.46 

-2.56 

-.68 

-.77 

.0779 

MAX.  VARIANCE  OF  PREDICTED  Ln(T);  .0113 
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TABLE  IV 


MILLING  TEST  SIMULATOR:  SECOND  STRATEGY  DATA 


TEST  No. 

VEL. 

Rd 

T.L. 

FORCE 

1 

125 

.005 

.40 

27,025 

1367.284 

2 

175 

.005 

.20 

23.066 

824.102 

3 

125 

.007 

.20 

37.640 

1093.989 

4 

175 

.007 

.40 

18.615 

1716.174 

5 

150 

.006 

.30 

27.066 

1268.949 

6 

150 

.006 

.30 

36.556 

1553.382 

7 

150 

.007 

.14 

56.852 

788.585 

8 

100 

.0046 

.34 

81.705 

1578.23 

9 

150 

.004 

.22 

58.074 

847.774 

10 

195 

.008 

.10 

16.54 

591.034 

11 

190 

.004 

.18 

21.429 

712.436 

12 

120 

.008 

.14 

82.890 

918.123 

TEST  No. 

ka 

ki 

_b2 

b3  si 

6 

10.178 

-1.242 

.214 

-.355  .0607 

7 

11.130 

-1.225 

.475 

-.624  .0672 

8 

13.080 

-2.122 

-.034 

-.608  .1020 

12 

11.074 

-2.393 

-.689 

-.614  .1053 

MAX.  VARIANCE  OF  PREDICTED 

Ln(T) 

: .0565 
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2.5.3  End  Milling  Analysis  (continued) 

these  violations  were  minor.  This  illustrated  the 
increased  probability  of  violating  the  constraints  when 
the  range  of  the  initial  tests  was  large. 

None  of  the  remaining  constrained  tests  in  either 
strategy  significantly  violated  the  tool  life  constraints. 
The  non-probabilistic  constraint,  however,  was  significantly 
violated.  Violations  of  the  force  constraints  probably 
would  have  damaged  the  cutter.  The  importance  and 
usefulness  of  defining  probabilistic  constraints  with 
a low  risk  of  violation  were  thereby  illustrated. 

Slight  violations  of  the  constraints  were  considered 
tolerable . 

2 . 6 End  Milling  Experiments 
2.6.1  Introduction 


I A series  of  end  milling  tests  was  conducted  to  determine 

f the  effect  on  tool  wear  and  tool  life  of  (a)  in-process 

variations  in  feed  and  radial  depth  and  (b)  variation 
due  to  different  Ti-6A1-4V  microstructures.  The  primary 
objective  of  these  tests  was  to  determine  how  shop  data 
’ on  tool  wear  and  tool  life  compared  with  that  obtained 

i in  a laboratory. 

During  numerical  control  (NC)  and  adaptive  control  (AC) 
end  milling  cuts,  the  radial  depth  and  feed  are  generally 
! not  constant.  As  the  cutter  goes  around  a corner  which 

has  been  radiused  by  a larger  diameter  cutter  in  a 
I previous  cut,  it  encounters  a sudden  increase  in  the 

radial  depth.  There  are  also  a number  of  NC  cutter 
j paths  where  it  is  advantageous  to  vary  the  radial  depth 

systematically  to  obtain  economic  combinations  of  tool 
, life  and  cutting  rate.  In  AC  cuts,  as  the  cutter 

I becomes  dull  or  as  a larger  radial  depth  is  encountered, 

I the  rise  in  cutting  force  signals  a feedback  response 

to  slow  down  the  feed  rate.  Thus  both  the  radial  depth 
and  the  feed  will  vary  during  a given  AC  cut. 

For  such  cuts,  there  is  presently  no  systematic  procedure 
to  develop  mathematical  models.  Until  now,  almost  all 
efforts  have  been  directed  toward  the  development  of 
mathematical  models  when  each  of  the  machining  variables 
such  as  speed,  feed,  etc.,  are  held  at  a predetermined 
constant  value  for  each  individual  test. 

The  series  of  tests  conducted  in  this  project  revealed 
that  the  behavior  of  tool  life  is  strongly  "path  dependent". 
That  is,  that  tool  wear  and  consequently  tool  life 
depend  not  only  on  the  current  level  of  each  of  the 
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variables,  but  also  on  the  cuiraiiulative  effect  of  the 
previous  levels  to  which  the  cutter  was  exposed  during 
a given  cut.  In  the  following,  the  data  and  results  of 
these  experiments  are  summarized.  Shop  floor  observations 
of  tool  life  during  NC  cuts  on  a production  airframe 
part  at  the  McDonnell  Douglas  Aircraft  Company  in  St. 

Louis,  MO  are  compared  to  the  laboratory  data  on  tool 
life  generated  using  similar  end  mill  cutters. 

2.6.2  Test  Equipment 

A Cincinnati  Cinova  80  vertical  mij^ii.j  machine  having 
infinitely  variable  speed  and  feed  drives  was  used  for 
the  peripheral  end  milling  tool  life  tests.  The  milling 
machine  was  equipped  with  a digital  spindle  speed 
readout  and  a digital  wattmeter  which  displayed  spindle 
motor  power  during  the  cut.  See  Figure  19. 

Tlie  machine  was  also  equipped  with  a spindle  deflection 
sensor  manufactured  by  the  Macotech  Corporation.  The 
signals  from  this  unit  were  fed  into  a Model  850  Sanborn 
recorder  that  produced  a strip  chart  which  after  having 
been  properly  calibrated,  indicated  pounds  force  in  the 
X or  feed  direction  and  in  the  Y or  transverse  direction 
and  also  gave  the  resultant  force  which  was 
electronically  calculated  from  the  X and  Y components. 

2.6.3  Test  Procedure 

The  following  experimental  procedure  was  adopted  for 
conducting  the  peripheral  end  milling  tool  life 
tests  on  annealed  Ti-6Al-4V  titanium  alloy. 

These  tests  were  conducted  using  3/4"  and  1"  diameter 
NAS  end  mills,  and  all  cuts  were  taken  in  the  climb 
mode.  The  cuts  were  taken  on  a previously  machined 
workpiece  of  4"  x 3"  rectangular  cross  section  approximately 
12"  long  clamped  in  a fixture  mounted  on  the  milling 
machine  table  as  shown  in  Figure  20. 

The  cutting  force  was  recorded  continuously  on  the 

Sanborn  strip  chart  during  the  cuts.  The  wattmeter 

reading  was  recorded  at  the  start  of  the  test  and  for 

each  successive  pass.  After  a predetermined  number  of 

passes,  the  total  deflection  of  the  tool,  workpiece  and 

machine  system  was  measured  by  moving  the  rotating  tool 

into  the  work  until  contact  was  made.  The  difference 

between  the  dial  reading  at  contact  and  the  dial  sotting  during 

the  cut  was  the  deflection.  The  deflection  was  recorded 

in  this  manner  at  three  axial  depths,  at  the  top  of  the 
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cut,  in  the  middle  and  at  the  bottom  end  of  the  cut.  The 
tool  was  then  removed  and  the  uniform  and  localized  wear 
was  measured  and  recorded.  The  test  was  continued  until 
either  localized  wear  reached  .020"  or  excessive  chipping 
occurred.  Some  tests  were  discontinued  when  there  was 
no  appreciable  change  in  the  uniform  or  localized  wear 
after  prolonged  cutting. 

2.6.4  3/4"  Cutter  Tests 

Tool  life  tests  were  conducted  with  3/4"  diameter,  3" 
flute  length,  4-flute  NAS  end  mills  on  annealed  Ti-6Al-4V. 
Various  combinations  of  radial  depth  and  feed  rate  were 
selected  to  give  constant  cutting  rates  representative 
of  production  practice  as  well  as  those  reflecting  the 
capability  limits  of  the  cutters. 

The:  large  length  to  diameter  ratios  of  these  end  mills 
caused  the  tool  deflection  to  bo  quite  high;  as  a 
result,  many  of  them  failed  by  excessive  chipping  of 
the  cutting  edge.  In  some  cases,  the  chipping  was 
localized  as  is  shown  in  Figure  21,  while  in  other 
instances,  the  chipping  took  place  all  along  the 
cutting  edge  as  is  shown  in  Figure  22.  End  mills  that 
did  not  have  the  tendency  to  chip  were  run  at  the  same 
combinations  of  radial  depth  and  feed  rate  for  two 
hours  with  only  a minimal  amount  of  wear,  not  exceeding 
a .003"  wearland  at  any  of.  the  conditions  tested. 

Cutters  run  at  cutting  rates  less  than  .43  cubic  inches 
per  minute  did  not  chip  during  the  two  hour  tests. 

Figures  23  and  24  show  the  feed  and  radial  depth 
combinations  that  did  not  cause  chipping  of  the  o’tter. 

In  Figures  25  through  38,  the  uniform  and  localized 
wear,  the  total  deflection  and  tht  resultant  cutting 
force  are  plotted  against  cutting  time.  Note  that  the 
deflection  and  cutting  force  closely  follow  the  uniform 
wear.  The  localized  wear  does  not  affect  the  cutting 
force  and  deflection  until  it  approaches  the  tool  life 
end  point  or  the  point  of  catastrophic  failvire.  The 
rates  of  change  of  both  the  cutting  force  and  deflection 
are  good  indications  of  the  uniform  wear  and  therefore, 
can  be  used  for  predicting  tool  life  providing  conditions 
are  chosen  so  that  uniform  wear  criteria  are  applicable. 
However,  when  either  localized  wear  or  excessive  chipping 
occurs,  the  cutting  force  and  deflection  signals  cannot 
be  used  to  predict  the  tool  life  end  point.  This  is 
often  the  case  when  end  milling  titanium. 
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CINCINNATI  CINOVA  80  VERTICAL  MILLING  MACHINE 
EQUIPPED  WITH  A 7-1/2  HP  VARIABLE  SPEED  DRIVE 


AND  ALSO  FULLY  INSTRUMENTED  FOR  MEASURING  CUTTER 


FORCES,  CUTTER  DEFLECTION,  AND  HORSEPOWER 


Plate:  6489 
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_ MATERIAL;  Ti-6A1-4V,  Ann,  302  BHN  RD ; .119"  V:  50  FPM 

I TOOL:  3/4"  DIA.  x 3"  FL  (NAS)  AD:  1.5"  F:  .0024  IPT 


Figure  29  - TOOL  LIFE  TEST  DATA  - PERIPHERAL  END  MILLING:  Ti-6A1-4V 
ANNEALED,  302  BHN 


TOOL  LIFE  TEST  DATA  - PERIPKERAL  END  MILLING;  Ti-6A1-4V 
ANNEALED,  302  BHN 


MATERIAL;  Ti-6Al-4V,  Ann,  302  BHN  RD;  .175" 
020|—  TOOL:  3/4"  DIA.  x 3"  FL  (NAS)  AD;  .002 


Figure  36  - TOOL  LIFE  TEST  DATA  - PERIPHERAL  END  MILLING: 


MATERIAL;  Ti-6A1-4V,  Ann,  302  BHN  RD;  .175"  V;  50  FPM 

020 1“  TOOL:  3/4"  DIA.  x 3"  FL  (NAS)  AD:  1.5"  F:  .0024  IPT 
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TOOL  LIFE  TEST  DATA  - PERIPHERAL  END  MILLING:  Ti-6A1-4V 
ANNEALED,  302  BHN 


MATERIAL: Ti-6A1-4V,  Ann,  302  BHN  RD : .141 


Figure  38  - TOOL  LIFE  TEST  DATA  - PERIPHERAL  END  MILLING:  Ti-6A1-4V 
ANNEALED,  302  BHN 
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2.6.5  Correlation  With  Production  Data 

A group  of  Ti-6A1-4V  production  airframe  parts  were 
followed  through  various  NC  end  milling  cuts  on  the 
production  floor  at  the  McDonnell  Douglas  Aircraft 
Company,  St.  Louis,  MO.  The  NC  cutter  path  on  the  part 
was  analyzed  to  establish  the  length  of  cut  as  well  as 
the  average  cutting  rate  (cu.  in./min.).  During  the 
production  floor  observations,  a record  of  tool  wear, 
tool  change  frequency  and  operating  conditions  was 
maintained.  It  was  observed  that  the  operator  examined 
the  cutter  for  signs  of  wear  and  chipping  during  every 
cutter  stop  (approximately  30  minutes)  and  changed  the 
cutters  at  the  slightest  sign  of  localized  chipping. 

This  was  generally  determined  by  running  a fingernail 
' across  the  cutting  edge.  Observations  of  the  worn  and 

replaced  production  cutters  using  a microscope  established 
that  localized  wear  or  chipping  of  about  0.003"  to 
0.006"  or  more  was  detected  by  this  method.  In  comparison, 
j laboratory  tests  on  similar  cutters  found  that  maximum 

i localized  wear  of  about  0.008"  could  be  tolerated  by 

, the  cutters  without  endangering  catastrophic  failure. 

! In  this  light,  the  production  cutter  change  practice 

was  found  to  be  somewhat  conservative. 

I The  correlation  between  the  production  conditions  and 

, the  laboratory  established  performance  limits  for  the 

■;  cutters  is  shown  in  Figure  24.  The  feed  and  average 

radial  depth  on  the  production  part  show  that  the  tool 
■1  change  practice  of  approximately  30  minutes  is  also 

conservative.  The  performance  limits  of  the  cutter 
I could  be  safely  reached  by  increasing  both  the  feed,  up 

i to  about  0.002  ipt,  and  the  tool  change  time,  up  to 

; about  50  minutes.  Since  the  production  conditions  were 

within  these  described  by  the  laboratory  established 
performance  limits,  the  results  of  the  production 
' observations  compared  favorably  with  those  of  the 

i laboratory  tests. 

2.6.6  End  Milling  Tests  With  Variable  Radial  Depths  and  Feeds 

Since  in  actual  production  it  is  not  always  possible  to 
maintain  constant  radial  depths  and  feed  rates,  tool 
life  tests  were  performed  on  Ti-6Al-4V  using  variable 
radial  depths  and  feed  rates  in  order  to  establish  a 
correlation  between  production  and  test  data  using 
constant  radial  depths  and  feeds. 
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Two  methods  of  conducting  variable  radial  depth  tests 
were  used.  In  the  first  method,  the  workpiece  was 
mounted  at  an  angle  to  the  milling  machine  table  giving 
a uniformly  varying  radial  depth  across  the  workpiece. 

The  workpiece  was  then  repositioned  after  each  pass  to 
maintain  the  same  variation  in  radial  depth.  The 
second  method,  which  produced  similar  results,  consisted 
of  taking  straight  cuts  across  the  workpiece  and 
changing  the  radial  depth  for  each  pass.  The  first 
pass  was  taken  at  the  smallest  radial  depth,  the  second 
at  the  mean  depth  and  the  third  at  the  greatest  depth. 

This  sequence  of  passes  was  then  repeated  until  the 
tool  life  end  point  was  reached. 

The  method  just  described  was  also  used  to  conduct  the 
variable  feed  tests.  When  the  feed  rate  was  varied 
from  .005  to  .007  ipt  while  the  radial  depth  was  maintained 
at  .250",  the  end  mill  wear  increased  rapidly  until  it 
failed  by  chipping  in  five  minutes.  When  the  radial 
depth  was  varied  between  .150"  and  .350"  while  the  feed 
rate  was  maintained  at  .006  ipt,  the  wear  was  not  as 
rapid,  but  it  failed  by  chipping  in  14  minutes.  Using 
constant  conditions  of  .250"  radial  depth  and  a feed 
rate  of  .006  ipt,  the  wear  rate  was  still  less,  .005" 
uniform  and  .007"  localized  after  33  minutes  of  cutting. 

(See  Figure  39) . 

Tests  were  conducted  to  determine  the  constant  conditions 
that  would  give  the  same  tool  life  as  the  variable 
conditions.  Figure  40  s.iows  that  when  a constant 
radial  depth  of  .250"  was  used,  the  uniform  wear  was 

nearly  the  same  as  when  the  radial  depth  was  varied  , 

between  .100"  and  .300".  This  indicates  that  the  constant  ' 

conditions  chosen  should  be  at  the  upper  end  of  the 
variable  range  rather  than  selecting  an  average  value 
as  was  done  initially. 

One  of  the  most  common  instances  of  variable  radial 
depths  and  feed  rates  occurs  when  finish  machining  a 
pocket  on  an  NC  milling  machine.  Tests  were  performed 
to  simulate  the  effects  of  this  cornering. 

It  was  assumed  that  a 2"  diameter  cutter  was  used  for 
ro'ughing  and  a 1"  diameter  cutter  was  used  for  finishing. 

The  workpiece  was  premachined  to  such  a shape  as  to 
simulate  the  variation  in  radial  depth  and  feed  rate 
that  is  experienced  during  a uniform  deceleration  of 

the  cutter  into  a corner.  The  radial  depths  were  calculated  I 

at  equal  increments  of  table  travel  in  order  to  maintain 
the  same  cutting  rate  at  a constant  feed  rate  as  would 
be  experienced  in  actual  cornering  with  deceleration. 

These  points  were  then  plotted  to  obtain  the  shape  of 
the  premachined  workpiece  shown  in  Figure  41. 
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MATERIAL;  Ti-6A1-4V,  Ann,  302  BHN  RD:  .250"  & V:  130  FPM 

TOOL:  1"  DIA.  X 2"  FL  (NAS)  . 100/. 300"  F:  .006  IPT  & 

.0201“  AD:  1.0"  .005/.007IPT 


Figure  40  - TOOL  LIFE  TEST  DATA  - EFFECTS  OF  VARIABLE  FEED  AND  RADIAL  DEPTH 


INCREMENTAL  RADIAL  DEPTH 


Figure  41  - DEVELOPMENT  OF  SIMULATED  WORKPIECE 

FOR  CORNERING  TESTS 


Figure  42  shows  the  results  of  these  simulated  cornering 
tests  and  tests  without  corners.  The  localized  wear 
increased  more  rapidly  at  the  beginning  during  cornering, 
but  it  then  leveled  out  and  both  the  uniform  and  the 
localized  wear  with  and  without  corners  was  nearly  the 
same  after  80  minutes  of  cutting  time. 

2.6.7  Tool  Life  Variation  Caused  by  Different  Ti-6A1-4V 
Microstructures 

Tool  life  tests  were  performed  on  four  different  heats 
of  Ti-6Al-4V  and  one  production  forging  from  McDonnell 
Douglas  Aircraft  Company  in  order  to  determine  the  tool 
life  variation.  These  materials,  although  nominally  Ti- 
6A1-4V  in  composition,  had  significantly  different 
microstructures  (see  Figures  43f  44  and  45)  . This  was 
considered  to  be  primarily  a result  of  the  thermal- 
mechanical  processing  history  of  the  heats.  End  milling 
tests  were  conducted  under  identical  conditions  of 
speed,  feed,  radial  depth  and  axial  depth  using  1" 
diameter  2"  flute  length  NAS  high  speed  steel  end  mill 
cutters  from  a single  batch.  The  resulting  uniform  and 
localized  wear  on  the  four  heats  are  shown  in  Figures  46 
and  47,  respectively.  As  evidenced  by  these  figures, 
there  were  significant  differences  in  the  uniform  tool 
wear  rate  and  the  level  of  localized  wear  among  the 
four  heats.  The  tool  life  variability  observed  during 
the  tests  was  of  the  order  of  3 to  4 fold  between  the 
worst  (#7773)  and  the  best  (#8009)  heats. 

A similar  tool  life  comparison  of  the  Ti-6Al-4V  forging 

from  McDonnell  Douglas  Aircraft  Company  with  the  Ti- 

6A1-4V  block  from  heat  #4  used  during  most  of  the  end 

milling  experiments  showed  that  although  the  uniform 

wear  was  similar  on  the  two  heats,  the  forging  produced 

higher  localized  wear  than  the  block  (see  Figure  48)  . This  could 

account  for  the  somewhat  conservative  machining  conditions 

for  end  milling  of  Ti-6A1-4V  forgings  observed  during 

production  at  McDonnell  Douglas  Aircraft  Company.  Tool 

life  variations  such  as  these  should  be  further  investigated 

in  order  to  establish  metallurgical  and  processing 

causes. 


Effects  of  Cutter  and  Part  Rigidity 


In  calculating  the  force  from  the  Sanborn  readings,  it 
was  assumed  that  the  force  was  acting  at  the  center  of 
the  axial  depth.  Figure  49  illustrates  three  conditions 
which  might  exist  during  a cut. 
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Microstructure  consists  of  acicul 
platclike  alpha  and  i ntorqranular 
Heat  #7773,  321  IMIN 


Microstructure  consists  of  elongated  alpha 
and  transferred  beta  containing  acicular  alpha 
Meat  #4  , 302  BIIN. 


COMPARISON  OK  M I CROSTHUCTURKS  Of 
HHATS  OF  ANNKAhED  Ti-0Al-4V 


Plate 


Microstructurc  consists  of  acicular  alpha 
outlined  by  prior  beta  grain  boundaries. 
Heat  #9877,  302  BUN. 


Microstructure  consists  of  platelike  alpha 
and  intergranular  beta. 

Heat  #8009,  302  BHN 


Plate 


FIGURE  44 


- UOMPARTSON  OF  M lOROSTRUCTURES  OF  DIFFERENT 
HEATS  OF  ANNEAl,i;n  'l'i-6Al-4V 


No.  21041 


No.  21040 
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Microstructv re  consists  of  primary  alpha 
grains  in  a matrix  of  transformed  beta. 


FIGURE  45  - MICROSTRUCTURE  OF  McDONNEL  DOUGLAS  AIRCRAFT 

COMPANY  I’ORGINC.  - ANNKALF.D,  Ti-6A1-4V,  321  BUN 


-6A1-4V,  Ann,  302BHN  RD:  .100"  V:  175  FPM 
X 2"  FL  (NAS)  AD:  0.5"  F:  .006  IPT 
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Figure  47  - COMPARISON  OF  LOCALIZED  WEAR  PRODUCED  BY  FOUR  DIFFERENT 
HEATS  OF  Ti-6Al-4V 


Figure  49  EFFECT  OF  TOOL  AND  PART  DEFLECTION  ON  RADIAL  DEPTH 


I 


In  the  first  case,  the  part  is  rigid,  but  the  tool  has 
I a large  length  to  diameter  ratio  making  it  less  rigid. 

I The  tool  deflection  means  that  less  material  is  removed 

^ at  the  bottom  of  the  cut  than  at  the  top.  This  causes 

the  resultant  force  to  act  at  a position  somewhat  above 
I the  center  of  the  axial  cut. 

In  the  second  case,  the  tool  is  rigid  but  the  part  is 
not.  This  causes  the  tool  to  remove  more  material  at 
I the  bottom  of  the  cut.  The  resultant  force  acts  below 

! the  center  of  the  cut. 

i In  the  third  case,  both  the  tool  and  the  part  deflect 

' producing  a somewhat  compensating  effect.  The  location 

I of  the  resultant  force  is  approximately  in  the  center 

I of  the  axial  depth. 

The  effect  of  the  shift  in  the  position  of  the  force 
was  negligible  for  the  length  of  the  cutters  used  in 
these  tests.  The  impact  on  the  least  rigid  cutter  used 
would  be  approximately  .5%  error  in  the  recorded  force. 

I 2.7  Tool  Wear  Observations  During  End  Milling  Ti-6A1-4V  Samples 

(When  end  milling  Ti-6A1-4V,  the  end  mill  cutter  often 

failed  by  chipping  of  the  cutting  edges  or  by  a uniform 
crumbling  along  the  cutting  edge  when  the  conditions 
were  especially  severe. 

Titanium  chips  curled  tighter  than  steel  chips. 

Consequently,  the  wear  was  concentrated  on  the  rake  face 
near  the  cutting  edge.  This  cratering  of  the  rake  face 
weakened  the  cutting  edge  and  provided  a spot  for  the  metal 
build-up  to  begin.  As  the  metal  built  up,  the  force  on 
this  area  of  the  cutting  edge  increased  until  the  edge 

crumbled  or  chipped.  The  force  on  these  chipped  areas  | 

continued  to  increase  until  the  entire  cutting  edge 
crumbled  away. 

When  the  conditions  were  not  severe  enough  to  cause 
visible  chipping,  the  same  mechanism  of  wear  was, 

I nevertheless,  taking  place.  In  measuring  the  uniform 

wear  with  a Brinell  microscope,  the  reference  lino 
was  the  rake  face  of  the  flute.  When  the  reference 
face  was  worn  away,  it  had  a somewhat  self-sharpening 
effect  with  the  uniform  wear  on  the  flank  being 
reduced  by  the  erosion  of  the  rake  face. 
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Metallographic  specimens  were  taken  from  chipped  as 
well  as  unchipped  areas  of  the  worn  end  mills  to  determine 
if  there  was  any  difference  in  the  microstructures  of 
the  various  tools  that  would  cause  some  to  chip  while 
others  did  not.  No  evidence  of  carbide  segregation  or 
of  microstructural  changes  that  would  account  for  the 
chipping  phenomena  was  found.  (See  Figures  50  and 
51) . A possible  explanation  for  the  differences  in 
performance  was  the  quality  of  the  tool  grinding.  To 
overcome  this  variation,  some  of  the  tools  were  honed 
lightly  by  hand  before  testing.  None  of  the  tools  that 

were  honed  failed  by  localized  chipping.  The  effect  of  edge 
preparation  therefore  warrants  furcner  investigation. 

2 . 8 Cutting  Force  Formulas  for  Climb  Milling 

Formulas  for  calculating  cutting  force  which  were  derived  by 
Tlusty  and  MacNeil  (see  Appendix  D)  were  modified  as 
discussed  below  for  use  in  a climb  milling  application. 

The  modified  formulas  were  derived  for  the  Type  II  cycle 
illustrated  in  Figure  52. 

For  climb  milling,  the  chip  thickness  h became, 

h = cos  (see  Figure  53) 

The  differential  of  the  tangential  and  radial  cutting 
forces  then  became; 

dF^  = KS^.  cos  0 dy 

dFj.  = 0.3  KS^  cos  0 dy 

The  resultant  force  elements  dF  when  applied  at  the 
center  of  the  cutter  were  separated  into  directions  X 
and  Y as  shown  in  Figure  53. 

dF  = dF.  sin  0 - cIF  cos  0 

X t r 

KS^  cos  0 dy  sin  0 - 0.3  KS^  cos  0 dy  cos  0 

KS^.  (0.5  sin  20  - 0.3  cos^  0 ) dy 

Substituting  dy  = r/tan  l-^d0  (see  Figure  34) 

dFj^  = KS^  (0.5  sin  20  - 0.3  cos^  0 ) r/tan  6d0 

Substituting  the  unit  force  Fp  = 0.5  KS^  r/tanS 

F = j-  Fm  (sin  20  - 0.6  cos^  0 ) d0 

= - Fu  (0.5  cos  20  + 0.3  0 + 0.15  sin  20) 
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Figure  53  - SKETCH  OF  CHIP  THICKNESS  AND  FORCE  COMPONENTS  WHEN 
CLIMB  MILLING 


Using  the  same  method,  the  transverse  force,  Fy  became: 
dFy  = dF^  cos  0 + dF^  sin  0 

F^  = J Fm  (2  cos^  0 +0.3  sin  2 0 ) d0 

= Fu  (0  + 0.5  sin  20  - 0.15  cos  20) 

The  resultant  force  was  then  calculated: 

"r  * ''y' 

These  expressions  were  then  entered  into  a computer 
which  plotted  F within  the  following  limits:  Phase  A 
(0,a);  Phase  B ( 0 , n ) ; Phase  C (a-6),Ti  ) 

Figure  54  shows  a force  plot  generated  by  the  computer 
for  one  tooth  of  a 3/4",  4-flute  end  mill  under  the 
following  conditions: 

Axial  Depth:  1.5"  Feed:  .0024  ipt 

Radial  Depth:  .119"  Speed:  50  fpm 

Figure  55  shows  force  plots  generated  by  the  computer 
showing  the  force  of  the  second  tooth  superimposed  on 
the  force  of  the  first  tooth.  These  forces  were  the 
instanteous  peak  forces  experienced  by  the  cutter  teeth 
while  the  forces  recorded  during  the  test  cuts  were  the 
average  of  these  forces  during  several  revolutions. 

This  difference  may  in  part  account  for  the  failure 
of  some  cutters  when  the  measured  force  was  well 
below  the  theoretical  strength  of  the  cutter. 
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Figure  55  - COMPUTER-GENERATED  PLOT  OF  RESULTANT  FORCE  VS.  ANGLE  OF  ROTATION 
FOR  A 4-FLUTE  END  MILL 
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ECONOMIC  ANALYSIS  OF  THE  MATERIAL  REMOVAL  PROCESS 


3 . 1 Introduction 


In  this  section,  work  towards  the  development  of  a 
methodology  for  the  economic  analysis  of  material 
removal  processes  is  presented.  Under  this  phase,  an 
extensive  review  of  the  literature  on  economic  analysis 
for  material  removal  processes  was  conducted  to  identify 
the  different  cost  factors  that  are  involved.  A review 
of  the  current  practices  used  in  industry  for  economic 
analysis  of  material  removal  processes  was  also  conducted. 

To  identify  the  important  cost  factors,  typical  detailed 
process  plans  for  airframe  structures  such  as  bulkheads 
were  analyzed.  During  this  analysis  phase,  discussions 
were  held  with  industrial  engineers,  preplanners, 
process  planners,  NC  programmers  and  methods  and  process 
engineers  from  the  McDonnell  Douglas  Corporation,  St. 
Louis,  Missouri. 

Based  on  the  above  analys’s  and  discussions,  cost 
relationships  were  developed  at  two  levels: 
macro-economic  models  and  micro-economic  models.  The 
macro-economic  models  were  intended  for  estimation  and 
preplanning.  The  micro-economic  models  were  intended 
fpr  detailed  process  planning. 


3 . 2 Review  of  Economic  Analysis  for  Material  Removal  Processes 

Interest  in  economic  analysis  for  machining  operations 
can  be  traced  back  at  least  to  the  1900 's  when  F.W.  Taylor 
developed  a relationship  between  machining  time  and 
machining  conditions  including  tool  life.  By  differentiating 
with  respect  to  cutting  speed  and  setting  the  expression 
to  zero,  Taylor  developed  an  expression  for  speed  that 
gave  minimum  cutting  time.  Using  an  approach  similar 
to  that  of  Taylor,  several  researchers  developed  cost 
relationships  and  expressions  for  minimum  cost.  These 
cost  relationships  were  obtained  by  multiplying  time 
factors  by  appropriate  labor  and  overhead  rates  and  by 
the  cost  per  cutting  edge.  This  approach  employed 
deterministic  tool  life  models  and  classical  optimization 
techniques.  During  the  past  20  years,  especially 
during  the  past  10  years,  several  different  approaches 
as  well  as  refinements  to  the  classical  approach  have 
occurred.  The  following  summary  of  the  literature 
reviewed  has  been  written  to  acquaint  the  reader  with 
the  major  milestones,  different  approaches  and  applications 
of  economic  analysis  for  material  removal  processes. 
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Economic  Models  and  Analyses  for  Material  Removal  Processes 


(a)  Minimum  Cost/Maximum  Production  Rate  Models: 

Following  Taylor's  approach,  cost  ard  production 
rate  relationships  and  expressions  for  minimum 

cost  and  maximum  production  rates  have  been  developed 
for  deterministic  Taylor  tool  life  and  extended 
Taylor  tool  life  models,  and  also  for  a few  other 
deterministic  tool  life  models  listed  in  Appendix  A, 
Table  I.  In  almost  all  cases,  the  expressions  for 
minimum  cost  and  maximum  production  rates  were 
obtained  by  classical  calculus  methods  of  optimizing 
one  variable  at  a time. 

(b)  Maximum  Profit  Models:  Based  on  some  assumptions 
about  demand  and  supply  functions,  relationships 
for  profit  and  expressions  for  maximum  profit  have 
been  developed.  The  machining  conditions  that 
give  maximum  profit  lie  between  those  that  give 
minimum  cost  and  those  that  give  maximum  production 
rate. 

(c)  Statistical  and  Probabilistic  Economic  Models: 

Cost,  production  rate  and  profit  rate  relationships 
and  expressions  for  minimum  cost,  maximum  production 
rate  and  maximum  profit  rate  have  been  developed 
using  some  of  the  statistical  and  probabilistic 
tool  life  models  listed  in  Appendix  A,  Tables  II 
and  III. 

(d)  Economic  Models  for  Multiple-Station  and  Multiple- 
Tool  Machining  Systems:  Minimum  cost,  maximum 
production  rate  and  in  a few  instances,  maximum 
profit  rate  expressions  have  been  developed  for 
multiple-station  and  multiple-tool  machining 
systems  such  as  transfer  lines,  machining  centers, 
automatics,  turret  lathes,  etc.  Although  deterministic 
tool  life  models  are  primarily  used  for  this  task, 

a few  instances  were  found  in  which  probabilistic 
tool  life  models  were  applied. 

(e)  Economic  Models  and  Analysis  Based  On  Cutting 
Rate-Tool  Life  Functions  (RTF) : The  recently 
introduced  concept  of  RTF  provides  a powerful 
method  for  determining  economic  optima  considering 
multiple  machining  variables  simultaneously.  The 
resulting  optima  are  always  superior  to  those 
obtained  by  the  one  variable  at  a time  classical 
approach. 

The  above  models  and  methods  of  analvses  are 
enumerated  in  Appendix  A,  Tables  I through  VII. 
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Mathematical  Optimization  of  Material  Removal  Processes: 

In  addition  to  the  classical  optimization  methods  such 
as  calculus,  mathematical  programming  techniques  have 
been  applied  to  the  economic  optimization  of  material 
removal  processes. 

(a)  Linear  Programming  Models:  Linear  programming 
approaches  have  been  formulated  with  cost  as  the 
objective  function  and  machine  tool  capabilities 
such  as  speed  range,  feed  range  and  horsepower  as 
constraints.  In  some  instances,  tool  life  was 
also  considered  as  one  of  the  constraints.  Other 
constraints  found  in  some  of  the  models  were: 
cutting  force,  torque,  deflection,  surface  finish, 
chatter,  etc. 

(b)  Geometric  or  Quadratic  Programming  Models:  When 
the  tool  life  relationships  are  nonlinear  or 
second  order  linear  in  logarithmic  space,  the  cost 
and  production  rate  objective  functions  become 
quadratic.  In  such  instances,  the  optimum,  rather 
than  lying  at  one  of  the  apexes  of  the  convex 
region  defined  by  the  constraints,  is  found  within 
the  interior  of  the  convex  region.  Although  some 
attempts  towards  formulation  of  the  geometric  and 
quadratic  models  for  material  removal  processes 
were  found  in  the  literature,  few  attempts  were 
found  towards  solution  of  the  problems  formulated. 
It  was  interesting  to  note  that  the  concept  of  RTF 
may  provide  a more  efficient  and  direct  algorithm 
to  solve  the  geometric  and  quadratic  programming 
problems  of  material  removal  processes. 

(c)  Dynamic  Programming  Models  for  Material  Removal 
Processes:  The  well  known  techniques  of  dynamic 
programming  have  been  used  to  formulate  models  for 
process  planning  of  material  removal  processes.  As 
yet,  few  of  these  formulations  have  resulted  in 
the  successful  solution  of  a material  removal 
problem. 

The  major  mathematical  optimization  approaches  are 
summarized  in  Appendix  A,  Table  VIII. 


Applications  of  Economic  Models  and  Analyses; 

The  important  applications  of  economic  models  and 

analyses  were  found  to  be  the  following; 

(a)  Process  Planning  and  Optimization:  The  selection 

of  a sequence  of  operations  and  operating  parameters 
such  as  tools,  speeds,  feeds,  depth  of  cut,  etc., 
involved  applying  economic  models  to  process 
planning.  Since  the  late  1960 's,  considerable 
attention  has  been  drawn  to  this  area.  Although 
some  attempts  have  been  made  to  formulate  process 
planning  algorithms  based  on  variant  (similarity 
to  already  available  plans)  and  generative  (computations 
using  mathematical  models  of  the  process)  approaches, 
the  efforts  in  this  area  remain  in  the  embryonic 
stage. 

(b)  Adaptive  Control:  With  the  advent  of  adaptive 
constraints  control  (ACC)  and  adaptive  optimization 
control  (ACO) , the  need  for  algorithms  based  on 
the  economic  model  of  the  material  removal  process 
has  become  pronounced.  The  practical  ACC  system 
now  available  uses  maximization  of  material  removal 
rate  as  the  indirect  index  of  economic  performance. 

As  yet,  adaptive  control  systems  (either  ACC  or 
ACO)  which  use  real  time  on  line  economic  algorithms 
have  not  reached  the  production  floor. 

(c)  Computer  Aided  Economic  Anlyses  and  Optimization: 
Although  many  economic  models  of  the  material 
removal  processes  involve  numerous  terms  and 
lengthy  expressions,  they  can  be  readily  solved 
using  a calculator  provided  one 

ta)<es  some  time  to  do  the  computations.  With  the 
advent  of  the  computer  these  tedious  computations 
could  be  done  quieJely,  hence  several  attempts  at 
computerization  of  the  economic  models  of  material 
removal  operations  were  found  in  the  literature. 

Now,  with  programmable  calculators  and  microcomputers, 
the  calculations  can  even  be  carried  out  on  the 
shop  floor.  Remote  terminals  and  computer  graphics 
are  also  rapidly  advancing  the  potential  of  conducting 
economic  analysis  of  material  removal  operations 
especially  for  NC,  CNC , DNC , AC,  and  CAM  systems. 


(d)  Scheduling  Methods:  Economic  models  of  material 

removal  operations  play  a central  role  in  scheduling 
since  the  time  and  cost  of  routing  a part  through 
a given  shop  facility  strongly  depends  on  the 
reliability  and  accuracy  of  the  estimates  for 
completion  of  each  of  the  material  removal  operations. 
Job  shop  scheduling  and  group  scheduling  are  two 
approaches  that  have  been  applied  to  this  problem. 
Applications  to  practical  problems  are  not  yet 
widespread  since  the  basic  approaches  are  still  in 
formative  stages. 

The  following  conclusions  were  drawn  from  the  literature 
review; 

(1)  Although  the  literature  was  rich  in  economic 

models  and  analysis  methods  for  machining  operations, 
the  total  cost  and  production  time  relationships 
for  the  entire  material  removal  manufacturing 
process  have  not  been  fully  developed. 

(2)  Most  economic  models  found  in  the  literature 
required  detailed  information  about  the  process 
which  was  available  only  after  or  during  the 
stages  of  detailed  process  planning.  Economic 
models  for  preplanning  and  cost  estimation  of 
material  removal  operations  are  still  required. 

(3)  Although  computerized  economic  analysis  was  feasible 
with  some  of  the  methods,  a systematic  use  of  data 
base,  computer  graphics  and  interactive  programs 

is  still  needed  to  encourage  widespread  use  of 
economic  analysis  during  preplanning  and  detailed 
planning. 

3. 3 Use  of  Economic  Models  and  Analysis  of  Material  Removal 
Processes  in  Aerospace  Companies 

A review  of  the  current  pre-planning  and  process  planning 
activity  in  two  selected  airframe  manufacturers  and  one 
jet  engine  manufacturer  indicated  that  the  need  for  a 
systematic  economic  analysis  of  processing  alternatives 
was  well  recognized  by  pre-planners,  process  planners, 

NC  programmers,  and  methods  and  process  engineers. 

Although  few  explicit  economic  models  are  in  use  today, 
there  were  scattered  yet  identifiable  efforts  towards 
development  of  such  models  in  the  companies  visited. 
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In  practice,  however,  pre-planners  and  process  planners 
still  relied  on  their  own  experience  to  select  the 
processing  sequence  and  details  of  the  operations. 

This  situation  deprived  any  one  individual  planner  or  analyzer  of 
the  considerable  experience  which  they  collectively 
represent,  and  which,  when  captured  in  the  form  of  a 
technology  data  base,  could  form  the  basis  of  rational 
and  systematic  evaluation  of  economic  alternatives 
during  process  planning. 

As  evidenced  by  the  description  of  stages  that  follows, 
the  need  for  the  concept  of  a component/subassembly/assembly 
evaluation  of  economic  alternatives  is  present  until 
final  production:  (1)  concept/design  stage:  which 

of  the  manufacturing  processes  that  are  capable  of 
producing  components  to  the  desired  design  specification, 
are  low  cost  and  can  be  executed  in  the  available  or 
potentially  available  plant  facilities?  (2)  process/material 
development  stage:  what  are  the  cost-effective  manufacturing 
processes  and  materials  that  can  be  developed  to  meet 
concept  and  design  requirements?  (3)  cost  estimation/value 
analysis/pre-planning  stage:  of  the  available  or 
potentially  available  processes,  which  sequence  will 
yield  economical  manufacture  of  a given  batch  or  series 
size  of  a given  component/subassembly/assembly?  (4)  detailed 
process  planning  stage:  which  sequence  of  operations 
and  which  operating  conditions  for  each  operation 
should  be  chosen  so  as  to  minimize  the  total  cost  of 
manufacturing  a given  batch  or  series  size  of  a given 
component/subassembly/assembly?  (5)  production  scheduling 
and  control  stage:  how  should  production  of  a given 
variety  of  components  through  given  production  facilities 
be  scheduled  so  as  to  produce  acceptable  parts  on  time 
and  at  a minimum  cost? 

The  primary  focus  of  the  economic  model  development  in 
this  project  was  Stage  (4)  since  it  forms  the  basis  for 
the  other  stages.  Some  effort  was  also  devoted  to 
Stages  (2)  and  (3) . 

3 . 4 Identification  of  Cost  Factors  During  Manufacturing  Of 
Aerospace  Structures 

To  identify  the  various  cost  factors  involved  during 
manufacturing  of  aerospace  structures,  detailed  process 
plans  of  several  airframe  structures  were  examined.  A 
few  selected  detailed  process  plans  were  analyzed  step 
by  step  to  identify  the  major  expenditures  of  time  and 
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money  as  well  as  alternative  processes  that  might  have 
been  used.  The  analysis  for  one  airframe  structure  and 
a list  of  the  associated  cost  drivers  are  presented  in 
Figure  56.  The  following  conclusions  were  drawn  from 
the  analysis: 

(1)  A major  aerospace  structure  may  require  as  many  as 
two  hundred  distinct  processing  steps.  The  material 
removal  steps  represent  a significant  portion  of 
the  total  time  and  cost. 

(2)  The  alternatives  during  material  removal  are 
primarily  based  on:  (a)  different  machine  tools, 

(b)  different  cutting  tools,  tool  sequences  and 
cutter  paths,  and  (c)  different  speeds  and  feeds. 

(3)  Since  several  non-material  removal  steps  are 
involved,  any  economic  model  for  airframe  structures 
must  be  able  to  evaluate  these  processing  steps  as 
well . 

3 . 5 Development  of  Economic  Models  for  Material  Removal  Processes 

The  scope  of  the  economic  model  development  in  this 
project  was  limited  to  the  manufacturing  process, 
especially  material  removal  and  the  other  auxilliary 
operations  conducted  during  discrete  parts  manufacturing. 

The  economic  models  were  designed  to  analyze  the  production 
time  and  cost  impact  of  available  alternative  ways  of 
manufacturing  a given  batch  of  discrete  parts  specifically 
for  aerospace  structures.  These  economic  models  are  ^ 

useful  for  (a)  process  development,  (b)  cost  estimation, 
value  analysis  and  preplanning,  and  (c)  detailed 
process  planning.  The  models  can  be  used  to  obtain  the 
most  economical  sequence  of  operations  and  to  optimize 
the  individual  operations  themselves. 

It  is  necessary  to  emphasize  the  scope  and  the  objective 
of  the  economic  models  because  within  a corporation 
there  exist,  implicitly  or  concretely,  several  different 
economic  models  to  satisfy  different  and  often  conflicting 
objective,  for  example: 
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PROCESSING  ALTERNATIVES  FOR  ONE  AIRFRAME  STRUCTURE 


Finance : 

To  minimize  the  capital  required  to 
maintain  a certain  level  of  business. 

Accounting ; 

To  minimize  cash  outflow  and  to 
maximize  cash  inflow. 

Marketing : 

To  maximize  the  amount  of  goods  sold 
and  to  minimize  the  unit  cost  of  sales. 

Personnel : 

To  minimize  labor  and  personnel  turnovers. 

Engineering : 

To  produce  high  quality  products. 

Production : 

To  maximize  the  amount  of  goods  (or  services) 
produced,  to  minimize  the  unit  cost  of 
production  and  to  maintain  a steady 
level  of  production. 

Industrial  dynamics,  which  produces  large  fluctuations 
and  time  lags  in  the  activity  of  each  of  the  departments 
as  a result  of  a change  in  the  level  of  activity  of  any 
one  or  more  departments,  is  well  recognized.* 

The  most  common  economic  models  are  those  used  by 
finance  and  accounting.  Financial  models  are  primarily 
used  for  capital  budgeting  and  financial  analysis.  The 
accounting  models  are  used  for  developing  balance 
sheets,  profit  and  loss  statements,  cash  flow  analyses 
and  for  federal  and  other  tax  requirements.  Since 
these  models  look  at  the  department  as  a cost  center, 
they  are  not  generally  suitable  for  analyzing  the 
individual  manufacturing  processes  or  their  individual 
work  centers  which  may  extend  over  more  than  one 
department . 

Indeed,  the  object  of  this  project  was  not  to  develop  a 
better  cost  accounting  system,  but  to  develop  economic 
models  which  use  production  time,  cost  or  any  other 
suitable  economic  index  as  a means  of  analysis,  development, 
planning,  optimization  and  control  of  a discrete  parts 
manufacturing  process.  No  intentional  effort  was 
therefore  made  to  relate  costs  obtained  by  these  models 
with  those  provided  by  other  systems  such  as  accounting. 

* Jay  Forrester,  Industrial  Dynamics , MIT  Press,  1961. 
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Concepts ; 

In  the  theory  of  firm,  the  so-called  microeconomic 
theory*,  the  production  function  is  defined  as  the 
technological  relationship  which  describes  the  amount 
of  output  capable  of  being  produced  by  each  and  every 
set  of  specified  inputs.  The  production  function  is 
defined  for  a given  state  of  technological  knowledge. 

An  important  property  of  the  production  function  is 
that  there  are  numerous  alternative  combinations  of 
inputs  that  produce  the  same  output.  However,  for  any 
one  combination  there  is  only  one  unique  amount  of 
output.  Using  the  above  two  properties,  the  condition 
for  the  least  cost  optimum  input  combinations  for  any 
given  level  of  outputs  can  be  derived.  For  two  inputs, 
say  labor  and  machines,  ttie  least  cost  optimum  combination 
occurs  at  a point  where  the  isocost  (equal  cost)  line 
is  tangent  to  the  isotjuant  (equal  amount  of  output) 
line. 

This  well  known  property  is  exhibited  by  the  discrete 
parts  manufacturing  process  as  well  as  by  the  individual 
operations  within  the  process.  Hence,  for  a given 
batch  and/or  series  size  (at  an  acceptable  level  of 
quality) , there  exists  a sequence  of  operations  and  a 
combination  of  operating  conditions  within  each  operation 
for  which  the  total  manufacturing  cost  is  a minimum. 

Similarly,  optima  for  production  rate,  profit  rate  and 
other  related  economic  parameters  exist,  although  they 
may  occur  at  different  input  combinations.  This  is  the 
basic  premise  and  motivation  for  the  development  of 
economic  models  for  discrete  parts  manufacturing  processes. 

Economic  Models; 

The  economic  models  developed  in  this  project  were 
based  on  the  following  observations: 

(1)  A typical  discrete  parts  manufacturing  process 

such  as  that  used  in  aseospace  companies  consists 

of  several  individual  work  centers  (e.g.,  machine  . 

tools,  heat  treating  facilities,  forging  presses, 
inspection  stations,  etc.)  which  are  scattered 
over  one  or  more  production  departments  within  a 
plant  or  within  several  plants  of  a company  or 
several  companies.  Figure  57  shows  a schematic 
diagram  of  a manufacturing  process. 

* Paul  A.  Samuelson,  Economics , Tenth  Edition,  McGraw-Hill 
Inc. , 1976. 
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The  productive  time  within  which  a work  center 
performs  its  processing  is  composed  of : (a)  setup, 

load/unload  time,  (b)  processing  time  and  (c)  time 
lost  in  process  interruptions  for  adjustments, 
tool  changes,  etc.  Figure  58  illustrates  tlie 
relationship  between  lead  time,  productive  time 
and  floor- to- floor  time.  The  floor  to  floor  time 
is  productive  time  + slack  time  allowed,  and  tlie 
lead  time  is  productive  time  + non-productive 
time.  The  slack  time  and  non-productive  time  are 
recognized  to  be  characteristic  of  a given  personnel 
and  equipment  utilization  efficiency*.  The  ecoiu'imic 
models  under  development  in  this  project  were 
concerned  with  the  productive  time  only.  Appropriate 
equipment  and  personnel  utilization  factors  must 
be  added  to  the  productive  time  if  estimates  of 
floor  to  floor  or  lead  times  are  requi'ed. 

The  cost  elements  associated  with  the  productive 
times  of  each  of  tlie  work  centers  of  a manu  f act  ur  i luj 
process  are  obtained  by  multiplying  eacli  of  the 
components  of  the  productive  times  by  appropriate 
labor  and  overhead  burden  rate  and  by  adding  tlie 
appropriate  tlirect  and  indirect  material  and 
auxilliary  costs  associated  with  that  work  center. 

A typical  set  of  variable  cost  factors  associated 
with  a work  center  are  shown  in  Figure  59. 

The  generalized  equvitions  for  total  productive 

time  and  the  associated  total  cost  for  a manufacturing 

process  eire  as  follows: 

Total  Productive  Time  = 


I (''^o 
j = 1 


)i  . )i  i (irr 


and  Associated  Total  Cost  = 


1 


( - ) , t (mate r i.i  1 vest). 

' KT  I 


*H.  Folding,  "The  Total  Cost  Relationship  of  the 
Integrated  Manufacturing  Systems",  Manufacturing 
Systems  (CIRP),  Vol.  IJ,  No.  2,  1974,  p.  109-132. 


Figure  59  - WORK  CENTER  IS  DEFINED  AS  AN  IDENTIFIABLE  PROCESSING 
UNIT  THROUGH  WHICH  DISCRETE  PARTS  ARE  PROCESSED 


where  mo»  mi,  m2  are  time  coefficients  related  to  setup 
and  load/unload  processing  and  interruptions.  They  are 
dependent  on  the  part  size  and  volume  of  material 
removed.  The  associated  cost  coefficients,  kg,  k,,  and  k2 
are  obtained  after  multiplying  by  appropriate  labor  and 
overhead  rates,  and  consumable  and  auxilliary  costs.  R 
is  the  rate  of  the  process,  e.g.,  cu.  in. /min.,  in. /min., 
etc.;  T is  the  time  between  interruptions.;  "j"  is 
one  possible  sequence  of  all  possible  1,  2,  ...k  sequences 
of  work  centers  (operations)  that  can  produce  a satisfactory 
component  and  "i"  is  one  possible  combination  of  all 
possible  1,  2,...n  combinations  of  operating  conditions 
within  a given  work  center. 

To  minimize  the  total  productive  time  and  associated 
total  cost,  it  is  necessary  to  determine  the  optimum 
sequence  of  work  centers  and  the  optimum  combination  of 
operating  conditions  within  the  work  centers.  When 
numerous  alternative  work  centers  and  operating  conditions 
are  involved,  and  when  the  response  of  the  process  to 
changes  in  operating  conditions  is  not  fully  known,  the 
determination  of  the  optima  becomes  remote  and  perhaps 
meaningless.  The  most  important  application  of  the 
above  equations  is  to  develop  appropriate  economic 
models  for  a detailed  cost  analysis  and  evaluation  of 
alternative  manufacturing  processes. 

3.5.1  Macro-Economic  Model 


Processing  alternatives  in  the  manufacture  of  an  aerospace 
part  are  evaluated  during  the  pre-planning  activity  of 
process  planning.  For  any  given  part,  there  may  be 
numerous  satisfactory  alternatives  including  different 
machine  tools,  cutting  tools,  tool  sequences,  cutter 
paths,  and  feeds  and  speeds.  To  illustrate  this  fact, 
the  machine  tool  alternatives  for  one  airframe  structure 
are  presented  in  Figure  56.  Regardless  of  the  operation 
selected,  however,  there  exists  one  set  of  alternatives 
that  will  result  in  the  most  cost  effective  manufacturing 
sequence.  The  macro-economic  model  enables  a pre- 
planner to  evaluate  the  cost  and  time  for  each  alternative 
and  to  select  the  most  cost  effective  manufacturing 
processes. 

The  generalized  time  and  cost  ecjuations  (35)  and  (36)  are 

reorganized  for  obtaining  the  following  macro-economic 
model  form: 


r 


t = niQ  + m,/H.  (37) 

c = Kq  + ^2/^0  cost  (38) 

or  c =r  Mt  + material  cost  (39) 

where  t and  c are  time  and  cost  per  part  for  one  operation 
(l,2,...j  operations),  R = rate  of  the  process,  T = time 
expended  to  interrupt  process  for  tool  change,  tool 
adjustments,  etc.  Ht/  are  productivity  functions: 

= R/(l  + m2/mj^T)  and  = R/(l  + k2/k3^T) 

Equations  (37)  , (38)  and  (39)  are  applicable  to  any 
manufacturing  process. 

For  machining  operations,  the  variables  in  the  time  and 
cost  equations  have  the  following  definitions: 

M = machine  tool  labor  + overhead  rate 
R = rate  of  metal  removal  (cu.  in. /min.) 

T = tool  life  (min. ) 

mn  = setup  time/lot  size  + load-unload  time  + 
rapid  traverse  time 

m^^  = volume  of  metal  removed 

m2  = volume  of  metal  removed  * dull  tool  replacement  time 
ko  = mQ  X M 
ki  = mi  X M 

k2  = m2  X M + tooling  cost 

The  metal  removal  rate  (R)  for  the  cost  and  time  euqations 
is  characteristic  for  a certain  operation  on  a particular  i 

machine  tool  with  a particular  cutter  and  workpiece  material.  j 

At  this  metal  removal  rate,  the  tool  will  last  for  T minutes.  1 

Values  for  R,  T,  Ht  and  are  collected  for  all  operations  and  i 

all  alternatives  for  a particular  part  family  based  on  the 
most  uncomplicated  part  geometry.  This  data  comprises 
the  Base  Machinability  Data. 

Ht  and  must  be  adjusted  for  a particular  part 
geometry  to  reflect  the  complexity  of  the  part.  Tnis 
is  accomplished  through  the  use  of  cost  drivers  and 
cost  driver  functions.  Cost  drivers  are  characteristic 
of  a part  which  slows  down  the  productivity  of  the  process. 

Cost  drivers  include  complexities  such  as  surface 
finish,  tolerance,  part  rigidity,  material  variations, 
etc.  The  cost  driver  function  is  the  mathematical 
relationship  which  describes  the  reduction  in  H^  and  He 
given  cost  driver. 

An  example  of  a cost  driver  function  where  part  rigidity 
and  tolerance  are  the  cost  drivers  (data  taken  from  the 
example  on  micro-economic  analysis  of  F-15  former-upper 
panel.  Figure  72),  is  shown  in  Figure  60. 
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Thickness  + a 


r 

Height 


Part 


Actual  Cut  Data  From  Operation 
Sheet  (see  Figure  72) 

End  Mill  Dia.  (d)  = 3/4" 

Flute  Length  - 2.00" 

No.  of  Flutes  (n)  = 4" 

Radial  Depth  (RD)  = .100" 

Axial  Depth  (AD)  = 1.00" 

Feed  (F)  = 0.007  IPT 
Speed  (V)  = 52.4  FPM 
td  = m2/m2^  = 3 min. 


R = 12FVn(AD)  (RD)/TTd 
= .75  cu.in./min. 


Figure  60  - EXAMPLES  OF  MACRO-ECONOMIC  ANALYSIS  ON  "FINISH 
MILL  PERIPHERY"  OPERATION  FOR  F-15  FORMER-UPPER 
PANEL 
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The  cost  driver  functions  (Ht,  H = f (cost  drivers)  such 
as  shown  in  Figure  60  can  be  developed  either  through 
micro-economic  analysis  or  on  the  basis  of  subjective 
judgement  of  the  preplanner.  This  requires  either  planned 
or  actual  cost  data  on  the  part  family  to  which  the  part 
belongs.  Since  such  data  was  not  available  or  obtainable 
within  the  scope  of  the  contract,  the  application  of 
macro-economic  model  was  not  pursued. 

The  macro-economic  model  is  shown  schematically  in 
Figure  61.  Basic  geometry  of  the  part,  part  code,  cost 
drivers  and  process  alternative  are  input  to  the  model. 

Information  on  base  machinability  data,  cost  driver 
functions,  machine  tool  and  cutting  tool  characteristics 
and  material  specifications  is  obtained  from  data  base 
files.  From  this  data,  values  of  R and  T are  selected. 

Then  Ht  He  are  adjusted  according  to  the  cost  driver  function. 

The  cost  and  time  for  this  alternative  is  then  computed 
using  the  time  and  cost  equations  (37),  (38)  and(39).  If  a new 
alternative  is  to  be  evaluated,  the  new  conditions 
would  be  input  and  the  economic  analysis  repeated. 

Finally,  the  alternatives  which  yield  minimum  cost  or 
time  would  be  selected  as  the  actual  manufacturing 
process  sequence. 

3.5.2  Micro-Economic  Model 


The  micro-economic  model  is  useful  in  detailed  planning 
to  aid  the  planner  in  the  selection  of  specific  operating 
conditions  for  a particular  operation.  For  example, 
for  a finish  milling  operation,  the  micro-economic 
model  would  aid  the  planner  in  the  selection  of  cutting 
tool,  cutting  fluid,  feed,  speed  and  tool  change  frequency. 
The  model  uses  the  criterion  of  either  minimum  cost  or 
maximum  production  rate  to  choose  these  conditions. 

In  addition  to  selecting  the  operating  conditions,  the 
micro-economic  model  provides  a complete  economic 
analysis  of  the  operation.  This  includes  costs  associated 
with  setup,  load-unload,  rapid  traverse  movements, 
extra  travel,  metal  removal,  process  interruptions  for 
tool  replacement,  and  tool  reconditioning. 

As  this  figure  indicates,  a simple  schematic  of  the 
micro-economic  model  is  shown  in  Figure  62.  Economic 
evaluation  at  the  micro  level  assumes  that  detailed 
information  is  available  about  all  operations  to  be 
considered.  For  example,  detailed  cutter  paths,  tool 
life  information  and  part  configuration  must  be  Itnown 
for  a metal  removal  operation.  In  addition,  detailed 
data  must  be  available  for  all  machine  tools,  cutting 
tools,  material  specifications  and  cutting  fluids. 
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Figure  61  - MACRO-ECONOMIC  MODEL  DIAGRAM 
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Figure  62  - MICRO-ECONOMIC  MODEL  DIAGRAM 


Use  of  Generalized  Economic  Equations 

The  micro-economic  model  is  based  on  the  generalized 

economic  equations  (35)  and  (40)  for  every  parameter  combination: 

t = mQ  + mj^/R  + m2/RT  (40) 

C = )Co  + kj^/R  + ]c2/RT  + material  cost  (41) 

For  machining  operations,  R is  metal  removal  rate,  T is 
tool  life,  and  mQ , mj^,  m- , kg,  k , and  k2  are  constants 
associated  with  the  workpiece  ana  process. 

For  milling  operations,  the  constants  would  be  defined 
in  the  following  way  (M  = machine  tool  labor  and 
overhead  rate) . 

mQ  = setup  time  + load-unload  time  + 
rapid  traverse  time) 

m^^  = volume  of  air  cut  + volume  of  metal 
removed) 

m2  = volume  of  metal  removed  * dull  tool 
replacement  time 

]Cq  = M X m]^ 

k^  = M X m^^ 

k2  = M X m2  + tool  depreciation  + tool  reconditioning 
Data  Sources  for  Micro-Economic  Model 

The  definitions  of  the  variables  and  constants  in  the 
generalized  economic  equation  reveal  that  input  data 
for  the  micro-economic  analysis  is  required  from  various 
sources.  This  data  includes  information  on  cut  geometry, 
time  standards,  cutting  tools,  machine  tools,  workpiece 
material  and  machinability  data. 

The  cut  geometry  information  typically  would  come  from 
the  planning  department.  Since  the  NC  program  completely 
describes  the  cutter  motions,  cut  geometry  can  be 
obtained  from  the  output  of  NC  programming,  such  as 
from  the  CLDATA  file.  For  non-NC  parts,  the  cut  geometry 
can  be  obtained  by  measuring  the  cuts  manually  or  with 
the  aid  of  a digitizer. 


Time  standards  are  obtained  from  either  manual  or 
computerized  systems  used  by  the  time  standards  personnel. 
Setup  and  load-unload  time  standards,  dull  tool  replacement 
time  standards,  and  cutter  reconditioning  time  standards 
are  required. 

Information  describing  machine  tools  and  cutting  tools 
is  normally  obtained  from  the  tool  manufacturers.  This 
information  can  be  coded  into  data  files  for  use  in  the 
micro-economic  model.  .1 

Workpiece  material  specifications  must  be  obtained  from 
manufacturers  and  include  hardness,  condition  (cast, 
forged,  etc.)  and  heat  treatment.  This  data  is  coded 
into  a material  data  file. 

Machinability  data  can  be  classified  on  three  "levels" 
depending  upon  the  source  of  the  data.  These  levels 
are  used  by  the  micro-economic  models  in  different 
ways . 

The  most  basic  level  of  machinability  data  is  obtained 
from  machining  handbooks.  This  is  classified  as  "Level  1" 
data.  Typically,  a handbook  specifies  a conservative 
feed  and  speed  to  be  used  for  a certain  range  of  operating 
conditions.  Tool  life  is  normally  within  a certain 
range  for  this  data,  but  the  exact  tool  life  is  not 
known.  The  micro-economic  model  associates  with  a 
Level  1 data  point  three  values  for  tool  life;  one 
value  is  chosen  as  the  minimum  of  the  tool  life  range, 
one  as  the  middle  of  the  range  and  one  as  the  maximum. 

This  results  in  a "sensitivity  analysis"  capability 
using  Level  1 data.  The  micro-economic  model  indicates 
how  sensitive  the  final  economics  of  the  part  are  to 
tool  life. 

Level  2 data  consists  of  actual  discrete  values  of 
feed,  speed  and  tool  life  which  were  obtained  at  a 
specific  depth  of  cut.  This  data  could  be  obtained 
from  the  production  floor  or  from  tool  life  experiments. 

The  micro-economic  model  calculates  costs  for  an  operation 
at  each  discrete  point,  then  chooses  the  feed  and  speed 
which  results  in  minimum  part  cost  as  well  as  the  feed 
and  speed  which  results  in  maximum  production  rate. 


If  a sufficient  number  of  data  points  are  available  as 
Level  2 data,  a mathematical  relationship  relating  tool 
life  to  feed,  speed,  and  depth  of  cut  can  be  generated. 
Level  3 data  consists  of  such  mathematical  relationships 
for  a certain  range  of  feed,  speed,  and  depth  of  cut. 
Level  3 data  is  used  by  the  micro-economic  model  to 
find  the  feed  and  speed  which  results  in  minimum  cost 
and  maximum  production  rate  within  the  qualified  ranges 
of  feed,  speed  and  depth  of  cut. 

Interface  Between  Macro  and  Micro  Models 

As  shown  in  Figures  61  and  62,  many  of  the  data  types 
needed  for  the  macro  and  micro-economic  models  are  the 
same.  The  main  differences  between  the  two  models  are 
the  machinability  data  and  the  input  data.  The  macro 
model  requires  cost  driver  type  input,  whereas  the 
micro  models  require  detailed  cut  geometry. 

Since  much  of  the  information  required  for  cutting 
tools,  machine  tools,  and  materials  is  identical  for 
the  micro  and  macro  models,  a shared  data  base  may  be 
utilized.  This  interface  is  illustrated  in  Figure  63. 

The  relationship  between  the  mathematical  models,  micro 
and  macro  economic  models,  cost  drivers  and  part  family 
are  given  schematically  in.  Figure  64.  The  mathematical 
model  represents  the  most  detailed  level  and  the  part 
classification  code,  the  coarsest  level. 

3 . 6 Application  of  the  Micro-Economic  Model 
to  an  Aerospace  Part 


A typical  aerospace  part  was  selected  on  which  to 
demonstrate  the  capabilities  of  the  micro  economic 
model.  The  part  chosen  is  called  "Former-Upper  Panel" 
and  is  shown  in  Figure  65.  This  part  is  currently  in 
production  at  the  McDonnell  Douglas  Aircraft  Company  in 
St.  Louis,  Missouri  and  is  part  of  the  F-15  aircraft. 
The  workpiece  material  is  Ti-6A1-4V  and  is  supplied  as 
a forging. 

McDonnell  Douglas  provided  Metcut  Research  with  details 
of  the  part  such  as  operation  sequence,  detailed 
operation  sheets,  cutting  tool  information  and  machine 
tool  data.  Much  of  this  information  was  coded  into  data 
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Figure  63  - INTERFACE  BETWEEN  MACRO-  AND  MICRO-ECONOMIC  MODELS 


FIGURE  64  - INTERRELATIONSHIP  BETWEEN  MATHEMATICAL  MODELS, 

MICRO-  AND  MACRO-ECONOMIC  ANALYSIS,  COST  DRIVER, 
PART  FAMILY  AND  PART  CODE 
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base  files  and  stored  on  the  CDC  6600  computer  at 
Wright-Patterson  Air  Force  Base,  Dayton,  Ohio.  Information 
describing  each  cut  (obtained  from  the  NC  programs)  was 
also  provided  by  McDonnell  Douglas. 

The  total  operation  sequence  for  the  part  is  shown  in 
Figure  66.  The  two  operations  indicated  in  the  figure 
(rough  machining  and  finish  machining)  were  chosen  to 
demonstrate  the  capabilities  of  the  micro-economic 
model.  Detailed  operation  sequences  for  these  two 
operations  are  also  shown  in  Figure  66. 

The  micro-economic  model  was  coded  into  a Fortran 
program  and  stored  on  the  CDC  6600  computer  at  Wright- 
Patterson  Air  Force  Base.  This  progreun  was  used  in  the 
interactive  timesharing  mode  over  common  telephone 
lines  with  a CRT  terminal  having  graphics  capabilities. 

Called  the  "MICRO"  system,  it  accesses  information  from 

the  data  base  files  for  cutting  tools,  machine  tools, 

and  machinability  data  based  on  codes  input  by  the  user 

at  execution  time.  An  economic  analysis  is  performed 

for  the  operation  being  considered  based  on  the  machinability 

data  that  is  applicable  from  the  machinability  data 

file.  Output  from  the  program  consists  of  a table 

output  of  costs,  production  time,  and  several  other 

outputs.  The  feed  and  speed  values  for  minimum  cost 

and  maximum  production  rate  are  also  printed. 

If  the  machinabilty  data  file  contains  a mathematical  j 

model  relating  feed,  speed  and  depth  of  cut  to  tool  | 

life  (Level  3 data) , then  a contour  plot  of  cost  and  1 

production  time  can  be  obtained.  ^ 

i 

The  Fortran  listing  of  the  MICRO  program  is  included  in  | 

Appendix  E.  j 

I 

After  building  up  the  data  base  files  for  cutting  j 

tools,  machine  tools,  and  machinability  data,  the 

information  on  cut  geometry  was  input  into  the  MICRO  ; 

program  for  every  milling  cut  taken  on  the  part.  A ! 

typical  input  sequence  with  the  computer  is  included  in 
Appendix  F. 

The  tools  used  in  rough  and  finish  machining  were  all 
milling  cutters  made  to  NAS  Specifications  of  M42  tool 
material.  Cutter  diameters  ranged  from  1"  to  2".  Both 
four  and  six-flute  configurations  were  used.  Figure  67 
summarizes  the  cutters  that  were  coded  into  the  data 
base. 
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OPERATION  SEQUENCE  FOR  F-15  FORMER-UPPER  PANEL 


DESCRIPTION 


Furnish  Material 


Rough  Machine 


Finish  Machine 


Inspect 


Saw  Tooling  Lugs 


Mill  Corner  Radii 


Deburr 


Inspect 

Pickle 


Machine»3-Axis  N/C  Mill 

Mill  Tooling  Surfaces  - Side  B 
Rough  Mill  Rib  Tops  - Side  A 
Rough  Mill  Tooling  Surfaces  - Side  A 
Rough  Mill  Periphery  - Side  B 
Rough  Mill  Pockets  - Side  B 
Rough  Mill  Rib  Tops  - Side  B 


Machine*5-Axis  N/C  Mill 

Fin.  Mill  Rib  & Flange  Tops  - Side  A 
Fin.  Mill  Pocket  Floors  - Side  A 
Mill  Tooling  Pads  - Side  A 
Fin.  Mill  Pocket  Walls  - Side  A 
Form  Corner  & Fillet  Radii  - Side  A 
Fin.  Mill  Flange  Tops  - Side  B 
Semi-Finish  Periphery  - Side  B 
Fin.  Mill  Periphery  - Side  B 
Fin.  Mill  Rib  & Flange  Tops  - Side  B 
Fin.  Mill  Periphery  - Side  B 
Fin.  Mill  Radii  - Side  B 
Fin.  Mill  Pocket  Floors  - Side  B 
Fin.  Mill  Pocket  Walls  - Side  B 
Fin.  Mill  Corner  Radii  - Side  B 


Package 


i 


ship 


FIGURE  66  - PROCESS  SHEET  FOR  F-15  FORMER-UPPER  PANEL 
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Tool 

Code 

Diameter 
(in. ) 

Flute 

Length 

(in.) 

No. 

Flutes 

Corner 
Radius 
(in. ) 

Condition 

12410 

1.00 

2.00 

4 

B/N 

Roughing 

12420 

1.00 

2.00 

4 

.25 

.06"  Under 

34241 

0.75 

2.00 

4 

.09 

New 

12141 

0.50 

1.00 

4 

.09 

New 

12430 

1.00 

2.00 

4 

.12 

New 

12440 

1.00 

2.00 

4 

B/N 

.02"  Under 

12241 

0.50 

2.00 

4 

.09 

New 

22610 

2.00 

2.00 

6 

.12 

Roughing 

24610 

2.00 

4.00 

6 

.12 

Roughing 

15360 

1.50 

3.00 

6 

.19 

Chip  Breaker 

14260 

1.25 

2.00 

6 

.12 

New 

14360 

1.25 

3.00 

6 

.12 

New 

14261 

1.25 

2.00 

6 

.09 

New 

a 

FIGURE  67  - CUTTING  TOOL  LIFE  FOR  MICRO-ECONOMIC  ANALYSIS 
OF  F-15  FORMER-UPPER  PANEL 
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Two  machine  tools  were  used  for  rough  and  finish 
machining  the  F-15  former.  Roughing  was  performed  on  a 
3-spindle  Cincinnati  3-axis  Medium  N/C  Profiler. 

Finish  milling  was  performed  on  a 3-spindle  Cincinnati 
5-axis  Double  Gantry  N/C  Profiler.  Information  for 
these  machine  tools  was  obtained  from  McDonnell  Douglas 
Aircraft  Company  and  coded  into  the  data  base. 

The  amount  of  output  from  the  MICRO  program  depends  on 
what  type  of  data  is  available  in  the  machinability 
data  file  for  the  type  of  cut  being  taken.  If  only  a 
starting  recommendation  of  feed  and  speed  is  available 
(Level  1 data)  then  the  output  will  consist  of  cost  and 
time  data  at  that  feed  and  speed  using  three  tool  life 
values  - the  minimum  expected  tool  life,  maximum  expected 
tool  life  and  average  expected  tool  life. 

For  the  F-15  part,  feed  and  speed  values  for  every 
milling  cut  were  obtained  which  would  result  in  tool 
life  values  between  30  and  90  minutes.  Therefore,  the 
economics  were  computed  assuming  a tool  life  of  30,  60 
and  90  minutes  for  each  cut.  The  total  output  for  each 
cut  is  shown  in  Appendix  G, 

A summary  of  all  cuts  taken  on  the  F-15  former  is  given 
in  Figure  68.  Cost  data  is  shown  for  each  operation 
based  on  a tool  life  of  60  minutes.  The  numbers  indicated 
that  if  the  cutting  tools  were  changed  after  60  minutes 
of  cutting  time,  the  cost  of  the  roughing  and  finishing 
operations  would  total  $538.64.  Of  this  total,  $223.36 
was  attributable  to  roughing  and  $315.28  was  for  finishing. 
The  analysis  also  showed  that  the  greatest  cost  for 
rough  and  finish  machining  was  the  tooling  cost.  The 
least  expensive  was  constant  cost  (load-unload,  setup, 
and  rapid  traverse) . The  average  cost  per  cubic  inch 
of  metal  removed  was  .10  $/in.3  for  roughing  and  1.06 
$/in.3  for  finishing. 

Level  1 data  provides  an  economic  analysis  based  on 
starting  recommendations  of  feed  and  speed  for  a particular 
cut.  In  order  to  optimize,  however,  tool  life  at 
various  feeds  and  speeds  must  be  used  in  the  micro- 
economic  model.  This  Level  2 data  can  be  obtained  from 
either  controlled  tool  life  experiments  or  from  actual 
shop  experience. 
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Level  2 data  was  obtained  for  one  of  the  cuts  taken  for 
the  F-15  former  (Cut  #16  - "Finish  Mill  Periphery  - 
Side  B").  Most  of  the  data  was  obtained  from  the  final 
report  of  a previous  contract  performed  for  the  Air 
Force  by  Metcut  Research  (Contract  No.  F33615-74-C-5025 ) . 
The  results  of  the  micro-economic  model  based  on  this 
data  are  summarized  in  Figure  69.  To  facilitate  comparison 
of  the  Level  2 results  with  Level  1 results,  the  Level  1 
information  for  this  cut  is  included  in  the  figure. 

The  Level  2 results  showed  that  the  cost  of  the  operation 
could  be  reduced  by  using  different  values  of  feed  and 
speed  from  those  recommended  for  Level  1 data.  Cost 
could  be  reduced  from  $11.67  (assuming  the  60  minute 
tool  life  at  .007  ipt  feed  and  52.4  fpm  speed  for 
Level  1 data)  to  $3.44  at  .006  ipt  feed  and  150  fpm 
speed.  It  was  interesting  to  note  that  the  cost  began 
to  rise  again  when  speed  was  increased  to  200  fpm,  oven 
though  the  metal  removal  rate  was  higher.  This  was 
because  more  money  was  being  spent  on  tooling,  which 
more  than  offset  the  savings  in  cutting  time. 

If  enough  data  is  collected  at  various  feeds  and  speeds 
for  a particular  cut  (Level  2 data)  it  may  be  possible 
to  create  models  which  mathematically  relate  machining 
response  (tool  life,  forces,  surface  finish,  etc.)  to 
the  various  process  parameters  (feed,  speed,  depth  of 
cut,  diameter  of  cutting  tool).  This  is  Level  3 data, 
and  it  allows  for  a precise  optimization  of  cost  and 
production  time  within  the  constraints  such  as  machine 
tool  limitations,  force  limitations,  tool  life  limits, 
and  surface  finish  requirements. 

Cut  No.  16  (Finish  Mill  Periphery  - Side  B)  was  selected 
to  be  analyzed  using  Level  3 machinability  data.  The 
mathematical  model  relating  tool  life  and  force  to 
feed,  speed  and  depth  of  cut  for  this  workpiece  material- 
cutting tool  combination  was  obtained  from  data  generated 
by  Metcut  in  a previous  contract  (No.  F33615-74-C-5025) . 
The  final  form  of  the  models  for  force  and  tool  life  is 
given  in  Figure  70. 
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Volume  Cost  of 


Feed 

(ipt) 

Speed 

(fpm) 

Tool 

Life 

(min. 

Cost 
) ($) 

Time 
(min. ) 

Metal 

Removed 

(in3) 

Material 

Removal 

($/in3) 

LEVEL  ^ 

.007 

52.4 

30 

17.94 

26.2 

12.26 

1.46 

1 1 

. 007 

52.4 

60 

11.67 

25.1 

12.26 

0.95 

DATA  ▼ 

.007 

52.4 

90 

9.58 

24.7 

12.26 

0.78 

FIGURE  69  - LEVEL  1 AND  LEVEL  2 RESULTS  FOR 
"FINISH  MILL  PERIPHERY  - SIDE  B" 


InT  = 27.9224  - 7.2153  (InV)  + 0.2912  (InF)^ 

+ 0.9198  (lnRD)2  + .3241  (InF)  (InAD) 

- .6007  (InRD)  (InAD) 

InFR  = 7.5269  - 4.2048  (InRD)  + .7691  (InAD) 

+ .3852  (lnAD)2  - .2618  (InRD)  (InF) 

+ .6569  (InRD)  (InV) 


where : T 

FR 
V 
F 

RD 

AD 


tool  life 
radial  force 
cutting  speed  (fpm) 
feed  (ipt) 
radial  depth  (in.) 
axial  depth  (in.) 


NOTE:  Tool  life  equation  has  been  adjusted  to  result  in 

80%  confidence  model. 


FIGURE  70  - MATHEMATICAL  MODELS  USED  FOR  LEVEL  3 DATA  IN 
MICRO-ECONOMIC  ANALYSIS  OF  F-15  FORMER-UPPER  PANEL 
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Since  tool  life  is  described  mathematically  over  a 

range  of  feed  and  speed  for  Level  3 data,  the  relationship 

can  be  substituted  for  tool  life  in  the  generalized 

economic  equation  in  Section  3.5  . The  cost  and 

time  are  described  mathematically  over  that  range  of 

feed  and  speed.  This  makes  it  possible  to  plot  contour 

lines  of  constant  cost  and  constant  time  within  the 

boundaries  of  feed  and  speed,  which  is  the  main  output 

from  the  micro-economic  analysis  using  Level  3 machinability 

data. 

Economics  is  not  the  only  consideration  in  choosing 
feed  and  speed.  There  are  constraints  which  must  be 
met  such  as  the  force  between  the  cutter  and  workpiece 
and  the  surface  finish.  The  force  is  important  in 
relation  to  tolerance  since  the  cutter  and  workpiece 
deflect  a certain  amount  during  the  cut.  For  example, 
a maximum  force  of  1000  lbs.  might  be  established  based 
on  the  tolerance  of  the  feature  being  cut.  This  force 
is  in  the  direction  perpendicular  to  the  motion  of  the 
cutter. 

Another  type  of  constraint  is  the  minimum  acceptable 
tool  life.  If  an  NC  tape  contains  30  minutes  of  cutting 
time,  then  the  tool  should  run  for  at  least  30  minutes 
before  changing  it.  Thus,  a minimum  tool  life  of  30 
minutes  is  established. 

The  constraints  are  plotted  on  the  cost  and  time  contour 
plot  to  define  the  acceptable  working  area  of  feed  and 
speed.  For  Cut  No.  16,  this  plot  is  shown  in  Figure  71. 

The  force  restriction  and  minimum  tool  life  restriction 
are  shown,  and  the  acceptable  working  area  is  cross- 
hatched.  Analysis  of  this  figure  shows  a minimum  cost 
of  $3.00  at  a feed  rate  of  .007  ipt  and  a speed  of  128  fpm. 

It  should  be  pointed  out  that  the  tool  life  model  used 
in  the  preceding  example  was  based  on  a lower  confidence 
interval  of  80%.  In  other  words,  it  is  80%  certain 
that  the  tool  life  value  predicted  by  the  model  will  be 
greater  than  or  equal  to  the  actual  tool  life. 

Summary  of  Micro-Economic  Analysis 

To  summarize  the  results  of  the  micro-economic  analysis 
of  the  F-15  Former-Upper  Panel,  Figure  72  shows  the 
economic  results  from  the  MICRO  program  for  all  three 
levels  of  machinability  data  for  Cut  #16.  This  figure 
demonstrates  the  improvements  in  cost  and  production 
time  that  are  attainable  with  more  detailed  machinability 
data  for  the  selection  of  optimized  machining  parameters. 
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Figure  71  - COST  AND  PRODUCTION  TIME  CONTOURS  FOR  "FINISH  MILL  PERIPHERY 
USING  LEVEL  3 MACHINABILITY  DATA 
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. 007 
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30 

17.94 

26.2 
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52.4 

60 

11.67 

25.1 

12.26 
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52.4 

90 

9.58 

24.7 

12.26 

FIGURE  72  - LEVEL  1,  LEVEL  2,  AND  LEVEL  3 RESULTS  FOR 
"FINISH  MILL  PERIPHERY  - SIDE  B" 
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4.  CONCLUSIONS  AND  RECOMMENDATIONS 


4 . 1 Conclusions 

On  the  basis  of  the  concepts  investigated  and  the 
analysis  and  experiments  performed,  the  following 
conclusions  were  drawn  regarding  the  use  of  mathematical 
and  economic  modeling  of  material  removal  processes  for 
improved  process  design,  planning,  optimization  and 
control. 

(1)  The  T-ecommended  approach  for  quantitative  characterization 
of  the  material  removal  process  is  to  develop  mathematical 
relationships  between  the  machining  response  (such  as 
tool  life)  and  the  operating  conditions (such  as  speed, 
feed,  etc.)  through  a set  of  experiments.  For  the 

present,  insufficient  understanding  of  the  machining  ■ * 

phenomena  forces  us  to  employ  the  above  empirical 
approach. 

(2)  In  the  past,  the  empirical  approach  has  led  to  the 

development  of  deterministic,  statistical,  probabilistic,  ^ 

stochastic  and  dynamic  mathematical  models  for  material 
removal  processes.  Currently,  the  statistical  and 
probabilistic  approaches  are  undergoing  further  development, 
and  the  stochastic  and  dynamic  models  remain  in  their 
early  stages. 

(3)  With  regard  to  model  development,  certain  facts 
were  known  about  the  major  problem  areas  which  were  to 
be  investigated.  They  were  as  follows:  (a)  Design  of 
experiments:  During  statistically  designed  experiments, 
such  as  those  using  factorial,  fractional-factorial 
composite  and  other  designs,  it  is  required  that  the 
position  and  levels  of  independent  variables  such  as 
speed,  feed  and  depth  of  cut  be  selected  a priori. 

However,  since  the  machining  response  such  as  tool  life 
is  not  known  a priori,  often  the  preselected  positions 
and  ranges  result  in  tool  life  that  is  too  short  hence 
impractical,  or  too  long  hence  too  expensive  to  investigate. 

A methodology  was  needed  to  establish  the  range  of  the 
practical  tool  life  region  and  the  machining  response 
within  this  region  when  the  knowledge  of  the  location 
of  the  region  itself  was  not  likely  to  be  available 
until  a series  of  tests  were  completed. 

(b)  Shape  of  the  Working  Region:  In  material  removal 
processing,  the  shape  of  the  working  region  within 
which  machining  responses  are  of  practical  values  is 
determined  by  the  response  itself  as  well  as  by  the 
constraints  imposed  by  the  cutting  tool,  machine  tool 
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and  part  design  specifications.  The  definition  of  the 
region  is  extremely  important  to  prevent  unintentional 
or  accidental  extrapolation  of  the  machining  responses 
beyond  the  range  of  validity.  Furthermore,  the  desirable 
operability  region  within  the  working  region  needs  to 
be  defined  to  obtain  practical  operating  conditions 
based  on  a high  degree  of  confidence  (e.g. , 95%  of 
satisfying  the  constraints) . 


(c)  Application  of  the  mathematical  models  to  aerospace 
production  situations  requires  correlation  between  the 
laboratory  tool  life  tests  in  which  the  speed,  feed  and 
depth  are  held  at  predetermined  constant  values  during 
each  individual  tests  and  the  typical  numerical  control 
and  adaptive  control  airframe  end  milling  cuts  during 
which  the  radial  depth,  axial  depth  and  feed  are  generally 
not  constant. 

(4)  The  concepts,  approaches  and  experiments  directed 
towards  these  major  problem  areas  yielded: 

(a)  A recommended  three-level  methodology  for  producing 
mathematical  models  of  material  removal  processes: 


Stage  I : Selection  of  an  initial  set  of  tests  aimed  primarily 
at  obtaining  a viable  set  of  data  to  initiate  Stage  II. 

Stage  II:  Selection  and  construction  of  process  constraint 
models  to  define  the  feasible  region  for  pre-production  or 
production  experimentation.  Probabilistically  defined 
constraints  yield  more  realistic  operating  conditions 
based  on  a measured  risk  of  violating  constraints. 

Stage  III:  Selection  of  additional  machining  tests  aimed 
at  experimental  objective  function  optimization,  namely, 
D-optimal  criterion. 


(b)  A correlation  between  the  laboratory  tests  and 
production  performance  indicating  that  the  production 
conditions  should  be  more  conservative .The  variability 
with  work  material,  cutting  tools  and  non-constant 
operating  conditions  as  well  as  the  desire  to  reduce 
the  risk  of  failure  can  account  for  these  conservative 
production  conditions. 
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(5)  The  basic  economic  model  for  material  removal 
processes  proposed  in  this  investigation  can  incorporate 
mathematical  models  for  machining  response,  cut  geometry 
and  cutting  rate.  The  form  of  this  basic  model  is 
suitable  for  economic  tradeoff  analysis  and  optimization. 
This  basic  model  can  be  used  to  construct  a macro- 
economic  model  which  is  useful  when  only  the  cost  driver 
relationships  are  known  such  as  during  cost  estimation 
and  preplanning,  and  a micro-economic  model  which  is 
applicable  when  detailed  information  on  cuts,  times  and 
costs  are  known  such  as  during  detailed  planning. 

(6)  The  micro-economic  model  is  applicable  to  a detailed 
cost  estimation  of  an  F-15  airframe  part,  and  demonstrates 
the  potential  for  a 30%  reduction  in  material  removal 
costs  (excluding  setup,  load,  unload  costs)  during  end 
milling  through  the  optimization  of  speeds  and  feeds. 

4. 2 Recommendations 

(1)  The  concepts  and  methodologies  developed  under  this 
contract  represent  a first  step  towards  the  transformation 
of  the  aerospace  manufacturing  from  an  "experience- 
based"  to  a knowledge  and  data-based"  industry.  As  such, 
they  should  be  verified  and  validated  in  the  aerospace 
production  environment.  Application  to  computer  aided 
manufacturing  programs  appears  to  be  especially  promising. 

(2)  Future  work  should  be  directed  towards  the  development 
of  concepts  and  methodologies  in  the  following  areas: 

(a)  Material,  M-F-T-W  system,  and  empirical  and 
phenomenological  models  for  material  removal 
and  deformation  processes. 

(b)  Economic  models  for  the  design/manufacturing 
cost  interface  through  an  extension  of  the 
macro-  and  micro-economic  model. 

(c)  Development  and  verification  of  economic  models 
for  sheet  metal  processes  within  the  scope  of  the 
objectives  of  the  Integrated  Computer  Aided 
Manufacturing  (ICAM)  program. 
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APPENDIX  A 
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DETERMINISTIC  TOOL  LIFE  MODELS 
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TABLE  I (continued) 


Constanta 


CONTEXT  IN  WHICH  MODEL  WAS 


constant  for  straightening  the  curve  in 
Log-Log  space 


TABLE  I (continued) 


least  squares  algorithms  required  to  estimate 
the  parameters. 


TABLE  I (continued) 
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TABLE  I I (continued) 


Defines  the  elliptical  confidence  region/S 
Var  ( Ln T) 


TABLE  II  (continued) 


Where  A,  B,  6 ,Y  and  & are  functions  of  the  functions  are  defined  in 
coefficients  of  a second  order  logarithmic 
tool  life  model  and  cutting  rate  equation 
coefficients.  R = cutting  rate 


CONTi-'X  J-  IK  WHICH  MODEL  WAS 


TABLE  IV  (continued) 


ng  machining  conditions 


TABLE  IV  (continued) 


the  texture  of  machined  surfaces  from  the  milling 


TABLE  IV  (continued) 


TABLE  IV  (continued) 


three  dimensional  coordinate  system 


TABLE  V (continued) 


flank  wear,  T = cutting  time  and  time 


TABLE  V (continued) 


machining  conditions  which  would  increase 
'ithout  increasing  forces 


TABLE  V (continued) 


•j-Nl  fN2 


INVESTIGATION  MODEL  FORM 


EXPEFLVIENTAL  DESIGNS  APPLIED  TO  MATERIAL  REMOVAL  PROCESSES 


radius) 


of  3 operating  and  5 design  factors  on  the  steady 
state  drill  temperature 


TABLE  VI  (continued) 


work  temperature) 


TABLE  VI  (continued) 


McGi’christ  (1967) 


TABLE  VI  (continued) 


epth  of  cut)  transformed  coordinates 


TABLE  VI  (continued) 


TABLE  VII  (continued) 
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TABLE  VII  (continued) 


TABLE  VII  (continued) 


TABLE  VII  (continued) 


TABLE  VIII  (continued) 


sel  ect 


TABLE  VIII  (continued) 


1)  Max.  rate,  2)  force  & torque  of  general  non-linear  optimization  problem 

machine,  3)  horsepower,  4)  rigidity, 

5)  max.  feed,  6)  thermal  stability  of  cutter, 

7)  depth  of  cut,  8)  cutter  wear  and  others 


CONTEXT  IN  WHICH  MODEL  WAS 


APPENDIX  B 


PROBABILISTIC  TOOL  LIFE  MODELS 


I.  Types  of  Tool  Life  Models: 

Deterministic  - The  earliest  method  of  model  development 
based  on  postulating  model  forms  that  "fit"  the  observed 
tool  life  behavior  or  are  based  on  metallurgical  and 
physical  properties.  Examples:  Taylor's  model,  Golding's 
model,  the  "chip  equivalent"  models,  etc. 

Statistical  - Evolved  with  the  realization  of  large 
tool  life  scatter.  The  model  forms  have  been  generally 
the  previously  developed  deterministic  forms,  but  have 
employed  statistical  inference  and  model  building 
techniques  to  account  for  the  inherent  uncertainty  in 
tool  life. 

Probabilistic  - With  the  increasing  acceptance  that 
metal  cutting  processes  are  stochastic  in  nature, 
models  developed  which  used  various  probability  distributions 
to  describe  tool  life.  Standard  reliability  analysis 
methods  are  used,  and  the  wear  and  failure  mechanism  is 
considered  as  a stochastic  process. 

II.  Advantages  of  Probabilistic  Models: 

They  convey  the  uncertainty  inherent  in  tool  life  by 
associating  it  with  a probability  distribution. 

Economic  models  developed  take  into  account  the  risk 
associated  with  premature  tool  failure. 

Tool  life  models  developed  are  derived  from  fundamental 
principles  of  wear  and  failure  mechanisms. 

The  modeling  approach  opens  up  a different  view  of  the 
tool  life  phenomenon  and  stimulates  further  interest  in 
investigating  tool  life. 

III.  Disadvantages  of  Probabilistic  Models: 

The  incorporation  of  machining  conditions  such  as 
speed,  feed  and  depth  of  cut  is  not  easily  accomplished. 
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IV.  Previous  Studies  Involving  Probabilistic  Tool  Life 
Models : 

Brewer  (1958) 


Studied  the  economics  of  the  basic  turning  operation. 

Specifically  examined  the  nature  of  the  tool  wearland 
in  the  economic  situation. 

Developed  relations  for  determining  the  size  of  the 
wearland  for  lowest  cost  based  on  the  probability  of 
premature  failure  of  a tool  before  it  is  to  be  resharpened. 

Based  conclusions  on  two  questionable  assumptions: 

(1)  That  the  probability  of  failure  is  proportional  to 
the  wearland  value  used  as  criterion  of  tool  life 
raised  to  a fixed  power;  (2)  The  ratio  of  the  cutting 
times  of  tools  failing  prematurely  to  those  not  failing 
prematurely  is  constant. 

Employed  tool  life  distribution  data  by  Burmester 
(1951) . 

Brown  (1958) 


Discussed  the  selection  of  economical  machining  rates 
for  single  point  tools  removing  material  in  one  and  two 
passes,  and  for  operations  involving  more  than  one 
tool . 

Used  a generally  deterministic  economic  model. 

Took  a probabilistic  view  of  premature  tool  failure  in 
estimating  the  cost  of  tool  replacement. 

Assumed  a normal  distribution  for  tool  failure,  that 
is,  the  probability  of  a tool  failing  completely  at  any 
time,  t,  is; 

f(t)  = (1/a  exp  (t  - 

where  T^  = average  time  to  complete  failure,  a = standard 
deviation  of  tools  failing  under  the  particular  cutting 
conditions. 
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The  probability  of  a tool  failing  before  its  resharpening 
time,  Tw,  is 

T 

The  mean  cutting  time  of  tools  which  fail  prematurely, 

T„.  is 


of(T^  )/F(T^  ) 

1 1 - 

which  could  be  calculated  simply  from  statistical 
tables  for  the  normal  distribution. 

The  comparison  with  Brewer's  (1958)  and  Burmester's 
work  is  favorable  for  proper  selection  of  T^  and  o. 

Author  stated  that  the  statistical  approach  would  be 
more  favorable  since  it  is  based  on  more  rational 
assumptions  and  can  be  calculated  simply,  even  though 
the  goodness-of-f it  for  the  normal  distribution  has  not 
been  confirmed. 

Wager  and  Barash  (1970) 

Studied  the  distributional  aspects  of  HSS  tools. 

Stated  that  past  research  failed  to  mention  the  inherent 
uncertainty  in  tool  life  data,  and  proposed  that  this 
variation  should  be  incorporated  in  economic  models. 

Stressed  that  the  results  for  HSS  tools  do  not  necessarily 
hold  true  for  carbide  and  ceramic  tools. 

Performed  accelerated  tool  life  tests  under  constant 
cutting  conditions. 

Examined  the  coefficient  of  variation  (K  = S/5J)  and 
found  it  to  be  large  and  approximately  constant  at 
0.30. 

Compared  the  results  obtained  from  Soysal  (1966)  and 
found  them  to  be  approximately  equal. 

Showed  that  the  distribution  of  tool  failure  is  adequately 
represented  by  the  normal  distribution,  confirming 
Brown's  assumption. 

Called  for  a probabilistic  definition  of  tool  life, 
such  as  its  being  a predetermined  probability  of 
failure,  rather  than  defining  it  through  a series  of 
actual  tool  life  tests. 


237 


Pas ' ko  (1970) 


Discussed  the  optimization  of  multitool  setups  while 
considering  tool  life  scatter. 

Considered  setups  of  N tools  joined  into  M groups  each 
with  Nj  tools,  i.e.,  N = v Nj. 

Characterized  each  tool  by  a reliability  function, 


Pij  (t)  = EXP 


-(t/P. 

11 


a . . 


where  j = # of  group;  i = # of  tools  in  group,  ^1  = 

scatter  parameter,  and  Pj^j  = parameter  which  is  defined 
through  as 


P . . = T.  ./T  (1  + 1/a  . . ) 

11  11  11 

t = time  in  # of  workpieces. 

The  reliability  function  of  a tool  group  is  Pj (t)  = 

P..(t),  P2-i(t)  ...  P ..(t)  can  be  presented  by  a 

Weibull  distribution.^^ 

Developed  economic  models  based  on  the  reliability  of 
tools  in  a group.  The  optimal  was  found  as  regards  the 
number  of  workpieces/tool  change  using  the  Weibull 
distribution. 

Iwata,  Murotso,  Iwatsubo,  Fujii  (1972) 

Discussed  the  complete  probabilistic  approach  to  the 
determination  of  optimal  cutting  conditions  by  considering 
the  uncertain  nature  both  of  an  economic  objective 
function  and  of  constraints. 

Used  an  optimization  technique,  "chance-constrained 
programming” . 

Used  two  separate  objective  functions:  (1)  volume  of 
material  removed  per  unit  of  tool  wear;  (2)  production 
cost  per  component. 
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Used  numerous  machine  tool,  part,  and  machine  tool 
dynamics  constraints  as  follows; 

O 1 

Force  = KV  If  ^ 

Power  = Fc  • V/6120  n n = mech.  efficiency 

2 

Roughness  = r = nose  radius 


Defined  the  constrained  region  using 

different  probability  levels  for  the  constraints. 

Stated  that  different  probability  levels  yield  different 
optimal  cutting  conditions. 

Assumed  Normal  distribution  for  the  confidence  intervals 
proposed. 

Friedman  and  Zlatin  (1974) 

Discussed  the  variability  of  tool  life  as  a function  of 
the  mean  tool  life. 

Discussed  the  variance  stabilization  effect  of  the 
logrithmic  transformation. 

Stated  that  if  the  coefficient  of  variation  is  constant 
then  the  variance  of  Log(T)  is  constant  (stabilized) 
over  different  cutting  conditions  (mean  tool  lives) . 

Assumed  a Normal  distribution  of  tool  life. 

Showed  the  coefficient  of  variation  to  be  approximated 
by  the  standard  deviation  of  Log(T)  if  the  assumption 
of  constant  variance  is  true. 

Reported  that  constant  variance  is  not  the  case  in 
tougher  machining  operations. 

Suggested  the  weighted  least  squares  method  of  modeling 
for  the  non-constant  variance  situation. 
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Ermer  (1970) 


Employed  a Bayesian  model  for  machining  economics  for 
optimization  by  adaptive  control. 

Assumed  on-line  measurement  of  tool  wear  is  possible. 

Assumed  normal  prior  distribution  for  the  wear  parameters, 
linear  tool  wear  and  constant  process  variance. 

Designed  the  "learning"  model  to  incorporate  periodic 
sampled  data  "on-line"  and  adjust  the  optimum  accordingly. 

Used  basic  turning  and  the  minimum  cost  objective  to 
illustrate  the  approach. 

Used  a logrighmic  transformed  Taylor  tool  life  model. 

Ran  preliminary  tool  life  tests  to  estimate  C and  n in 
Taylor's  model  and  then  and  Tn^i^*  the  process 

was  run  at  , the  wear  was  measured  and  the  parameters 

were  re-evaluated. 

Gave  a simulated  numerical  example  based  on  the  above 
assumptions . 

Levi  and  Rossetto  (1975) 


Analyzed  the  effect  of  tool  life  scatter  on  the  uncertainty 
of  the  tool  life  parameters  using  the  joint  confidence 
region  approach. 

Used  Taylor's  logrithmic  tool  life  model  and  assumed 
the  errors  to  be  Normal. 

Developed  the  95%  joint  confidence  region  for  both  bg- 
bjL  and  N-C  showing  the  large  uncertainty  in  the  parameters. 
For  example,  N ranged  from  100  to  .34  and  C from  52  to 
88. 

Discussed  the  large  number  tests  required  to  obtain 
reasonable  variance  estimates. 

Hati  and  Rao  (1976) 


Formulated  a general  economic  problem  with  constraints 
for  both  a deterministic  and  probabilistic  model. 

Assumed  all  random  variables  to  be  Normal. 


t 
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The  problem  had  three  dependent  variables,  speed,  feed 
and  depth  of  cut. 

Used  a computer  technique,  SUMT,  to  optimize  the 
problem. 

Converted  the  probabilistic  model  to  a deterministic 
model  to  be  solved. 

Used  a Taylor  series  expansion  in  two  terms  to  yield  a 
deterministic  model. 


from  the  probabilistic  model. 

ij)  is  the  mean  of  the  Taylor  expansion  of  the  objective 
function  or  constraint  (assumed  to  be  normal) 
is  the  variance  of  iji. 

a^^  and  a2  are  arbitrary  constants  which  relate  the 
importance  of  ijJ  and  . 

Concluded  that  the  production  rate  is  higher  for  the 
deterministic  case. 

Kendall  and  Sheikh  (1976) 


Developed  a tool  replacement  strategy  for  multi-tool 
machines  using  a probabilistic  model  and  reliability 
techniques . 

The  probability  that  a tool  fails  before  T (prematurely) 
is  F(T)  = J f(t)dt  = 1 - R(T)  where  f(t)  = pdf  of 
failure  times  for  tools  and  R(T)  = reliability  function 
for  tools. 


The  cost  of  replacement  is  given  by 


C = Cp  (1  - R(T) 


+ 


(R(T) 


where  Cp  = cost  of  unplanned  tool  changes;  C- 
of  planned  tool  changes  assumed  that  ^F* 


cost 


i 
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The  selection  of  the  appropriate  reliability  function 
depends  on  the  failure  mode  or  modes.  Multiple  modes 
of  failure  (wear  and  premature)  can  be  described  by  a 
single  pdf,  such  as  a mixed  pdf. 

f(t)  = pfi(t)  + qf2(t) 

F(T)  = pFj^(T)  + qF2(T) 

R(T)  = pRi(T)  + qR2(T) 

where  f^t)  is  the  pdf  for  premature  failure;  f2(t)  is 
the  pdf  for  wear-out  failure;  p and  q are  weighting 
parameters  where  q + p = 1. 

The  Weibull  distribution  is  given  as  a general  failure 
distribution  that  can  be  adapted  to  various  failure 
modes  by  the  parameters: 

a = scale  parameter 
b = shape  parameter 
d = location  parameter 


f (t) 

F(T> 

R(T) 

The  optimal  replacement  interval  T*  is  obtained  by 
differentiating  the  cost  function  with  respect  to  T. 

The  problem  of  estimating  the  Weibull  parameters  is 
discussed  for  the  tool  wear  situation. 

Rossetto  and  Levi  (1975) 

Investigated  the  effect  of  the  fracture  and  wear  failure 
modes  on  stochastic  tool  life  models  and  machining 
economics . 

Many  failure  modes  can  be  combined  into  one  failure 
probability  density  function  (pdf) 

f(t)  = I w.  f.  (t) 
i = 1 ^ 

n 


i = 1 ; 

J 


= ab(t-d) 
= 1 - exp 


(b-1) 


exp  (-a(t-d)  ) 


= exp 


(-a(t-d)bl 


(-a(t-d)"') 


) 


i 
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where  (t)  = pdf  of  failure  mode;  Wj^  = weight  of 

ith  failure  mode. 

Fracture  or  breakage  failure  mode  can  be  characterized 
by  a constant  hazard  function  which  results  in  an 
exponential  pdf. 

The  gradual  wear  failure  mode  is  represented  by  the 
normal  pdf. 

The  overall  cumulative  distribution  function  (CDF)  is 


F(t)  = w^  j^l  - EXP(-Xt)j  + (1-w^)  J 

( ot  \j2-n  ) ^ 

EXP  (Int-u) ^/2o^J  dt 

The  expected  life  of  the  tool,  E(T),  is  a decreasing 
function  of  ( = failure  rate) 

E(t)  = 1/X  ^1  - J (at  \/27  )“^  EXP 

— •" 

(-Xt  - (lnT-u)2/2o^ 

_ 

dt  ) 


Practical  use  of  the  model  requires  estimates  of  p , o,  X 
and  n and  C (for  Taylor's  model). 

Suggested  that  sequential  experimentation  right  on  the 
shop  floor  may  provide  a means  to  obtain  parameter 
estimates. 

Used  the  E(T)  in  the  normal  min-cost,  max. -prod,  max 
profit  models  in  place  of  function  T f(V,F)  and  solved 

'^optimal- 

Rcunalingam  and  Watson  (1976) , and  Ramalingam  (1976) 

Presented  a hazard  function  which  was  defined  through 
conditional  probabilities  and  was  equivalent  to  the 
hazard  function  found  in  reliability  engineering 

H(t)  = f(t)/l-P(t) 

Assumed  a constant  hazard  function  for  a tool  subject 
to  chipping  and  fracture  failure.  The  corresponding 
pdf  for  a constant  hazard  function  was  the  exponential 
function 

f(t)  = 1/X  exp  (-t/X) 

FU)  = 1-exp  (-t/X) 

where  1/X  = constand  hazard  rate 
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Presented  the  increasing  hazard  function  case,  and  for 
a linear  hazard  function  and  the  quadratic  hazard 
functions  the  pdf  was  the  Weibull  distribution 


f(t)  = 


EXP 


[-(t/A,'] 


Multiple  failure  modes  can  be  combined  (if  independent) 
by  the  sum  of  hazard  functions 


n 


Zn  (t)  = I ^ Zi  (t) 


and 


f(t)  = Zn  (t)  • EXP 


[-•: 


Zn(t)dt 


Developed  a multiple-injury  model  by  considering  each 
injury  to  remove  a volume  of  material  6 from  the  tool. 

N such  injuries  result  in  a tool  failure. 

The  pdf  for  the  multiple-injury  model  is  the  gamma 
function,  which  for  large  N is  approximated  by  a normal 
distribution. 


f(t)  = 1/ 


EXP 


-(x-u)^/2a^ 


2 9 

where  u = n/X;  and  o = n/X 


Gave  a nonlinear  wear  example  with  a hazard  function 
X(t)  = X(c/1  + t) ; c > 0.  This  yielded  a gamma  pdf 
for  failure  which  can  be  approximated  by  the  log-normal 
distribution. 


V.  Summary: 

Studies  into  the  probabilistic  nature  of  tool  failure 
have  characterized  the  tool  life  distribution  as  Normal 
Weibull  and  gamma. 

The  distributions  have  been  from  various  tool  failure 
modes  giving  different  hazard  functions  which  yield  the 
probability  distribution  functions. 
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The  normal  distribution  had  been  shown  by  repetitious 
testing  to  adequately  represent  tool  failure  times. 

The  direct  introduction  of  cutting  conditions  into  the 
tool  failure  distributions  has  been  attempted  with 
respect  to  solving  for  the  "optimal"  tool  life  through 
an  economic  model  and  finding  the  cutting  conditions 
through  a deterministic  tool  life  mode,  i.e. , Taylor's 
model . 


APPENDIX  C 


REVIEW  OF  REGRESSION  ANALYSIS  NOMENCLATURE  AND  RELATIONSHIPS 


a)  Homogeneous  Variance  Case 


For  the  linear  model  of  the  form 
Yi  = 

or  in  matrix  form 
Y ^ Xb  + f 


(Al) 

(A2) 


• th 


where  is  the  observed  response  for  the  i test 

X.  = (x, . , X-.,  ...,x  . ) is  the  (1  x p)  vector  of  inde- 

1 XI  px 


. th 


pendent  variables  for  the  i test. 

th  2 

C-  is  the  error  for  the  i test,  assumed  NID(0,o-.  ) 

^ T ^ 

Y = [y2^»y2*  • • • is  the  (N  x 1)  vector  of  observed 


responses 

V r T T 

X = Txj^  X2 


T.T  . 


jj  ] is  the  (N  X P)  matrix  of  indepen- 


dent variables 


,T  , 


^2' • • • » f is  the  error  matrix  assumejd  to  have 

equal  variance,  i.e.  Var  (j£^)  = I. 

T 

b = [bj^,b2»  . . . ,b  ] is  the  (px  1)  vector  of  model  parameters 


The  least  squares  estimates  of  the  parameters  b of  the 
linear  model  are  given  by 


and 


(A3) 

Var(i)  = 0^ 

(A4) 

Var(yo)  = Xo  (x'^X)xo'^$2 

(A5) 

Var(yo)  = Var (yo ) + a^/g 

(A6) 

= Xo^  is  the  predicted  true  mean 

response,  and 

is  the  predicted  mean  of  g future  observations. 
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APPENDIX  C (continued) 


b)  Inhomogeneous  Variance  (Weighted  Least  Squares)  Cas^ 

When  the  assumption  of  equality  of  variance  is  not  justified, 
i.e.  var  (x)  = Va^  where  V is  the  variance  - covariance  matrix 
of  the  independent  observations. 


The  weighted  least  squares  estimates  of  the  parameters  b 
are  given  by 


i = (xV 

(A8) 

and  Var  (]& ) = 

(xV^)"’-gJ 

(A9) 

Var(Yo) 

T — 1 —1  Ta  2 

= Xo  (X^v  ■^)  Xo  ‘^w 

(AlO) 

var ( Yo ) 

= VAR(^o)  + 5o/g 

(All) 

2 - 1 2 
where  $ is  the  variance  ox  y at  jco  ana 

is  the  weighted  mean 

square  of  the  residuals  of  the  fitted  model. 
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DYNAMICS  OP  CUTTING  PORCES  IN  END  MILLING 


APPENDIX  D 


J.  Tlusty  (1),  P.  MacNeil,  McMastar  University*  Hamilton*  Canada 


SuMBary:  End  aillin^  is  a basic  operation  in  contouring  and  die  sinking  controlled  by  copying  or 
NC  or  by  Adaptive  Control.  The  feed  rate  in  these  operations  must  often  be  set  with  respect  to 
the  deflection  or  strength  of  the  cutter.  In  Adaptive  Control  these  may  be  the  control  parameters. 
For  all  these  purposes  the  knowledge  of  the  cutting  force  is  important  and,  especially  of  its 
dynamics.  The  paper  explains  and  gives  data  on  the  variation  of  the  cutting  force  at  constant  depth 
and  width  of  cut  as  well  as  in  transients  like  that  of  cutter  entering  the  side  of  the  workpiece. 

For  the  latter  the  rather  fast  increase  of  force  amplitude  is  demonstrated.  Further  on  it  is  shown 
that  the  force  responds  to  a change  in  feed  rate  with  a time  delay  which  may  cause  instability  in 
the  Adaptive  Control  loop. 


INTRODUCTION 

End  milling  is  a very  typical  operation  in  Copy 
or  NC  controlled  contour  and  sinking  operations. 

In  many  of  these  cases  the  cutting  force  is  an  impor'- 
tant  parameter  with  respect  to  either  the  deflection 
of  the  cutter  or  its  breakage.  It  is  especially  im- 
portant in  Adaptive  Control  where  it  may  be  used  as 
the  control  parameter.  The  transfer  function  between 
table  velocity  s (feed  rate)  and  the  cutting  force  F 
is  a part  of  the  AC  feedback  loop.  It  is  then 
especially  the  dynamics  of  the  transfer  function  F/s 
which  affects  the  behaviour  of  the  system. 

There  are  three  aspects  of  this  dynamics:  the 
variation  of  the  cutting  force  in  a steady  state  of 
constant  depth  and  width  of  cut,  in  the  transients 
(e.g.  entry  of  the  cutter  into  the  workpiece)  and 
the  time  delay  included  in  this  transfer  function. 

However,  the  knowledge  of  the  magnitude  and  var- 
iation of  the  cutting  force  as  dependent  on  the  con- 
ditions of  the  cut  IS  essential  also  for  the  program- 
ming of  conventional  NC  or  Copy  milling  operations. 
Since  Piekenbrink * s work  [1]  there  has  not  been  to 
Our  knowledge,  any  publication  about  cutting  forces 
in  milling  and  his  own  work  was  concerned  with  face 
milling  and  steady  state  only.  In  end  milling  due  to 
the  comparatively  longer  tooth  edge  engaged  in  the 
cut  and  smaller  number  of  teeth  even  the  steady  state 
may  considerably  differ  from  that  in  face  milling. 

The  information  given  in  this  paper  is  based  both  on 
Computed  and  experimentally  obtained  data.  For  com- 
puting, a rather  simple  formula  for  the  tangential 
cutting  force  on  a part  of  one  tooth  is  assumed: 

F - K b h,  (1) 

where  b is  the  width  of  the  cut,  measured  parallel 
to  the  axis  of  the  cutter,  and  h is  the  chip  thickness: 
K is  a constant  dependent  on  the  material  of  the  work- 
piece  and  on  the  geometry  of  the  tool  as  well  as  on 
the  average  chip  thickness.  For  values  of  the 
"specific  force"  K,  see  e.g.  (2).  The  radial  com- 
ponent of  the  cutting  force  is  assumed  « 0.3  F^. 


The  variation  of  chip  thickness  h is  assumed 
according  to  Fig,  la) , where  instead  of  the  table  the 
tool  IS  shown  moving  with  feed  rate  s in  direction  x. 
The  position  of  any  part  of  the  cutting  edge  in  the 
cut  being  determined  by  an  angle  mea.iured  from  the 
axis  Y the  corresponding  chip  thickness  h is  the 
radial  difference  between  the  paths  1 and  2 of  sub- 
sequent teeth  and  it  is 

h • s^sin  $ (2) 

where  s.  is  the  feed  per  tooth.  Steady  state  oper- 
ations— are  considered  according  to  Fig,  lb) , with 
depth  of  cut  a and  the  cut  for  any  part  of  the  cutting 
edge  starting  with  0 and  ending  with  The 

maximum  possible  value  of  is  180^,  for  a « 2r.  The 
transient  is  considered  according  to  Fig.  Ic)  where 
the  cutter  is  entering  the  side  of  the  iwrkfuece . 
Cutting  starts  with  and  ends  with  Both 


and  8]Vary  during  the  transient  but  there  is  always 
STEADY  STATE 

In  deriving  the  formulae  for  the  variation  of  the 
magnitude  of  the  total  radial  force  acting  on  the 
cutter  we  shall  consider  a case  as  in  Fig.  2a).  An 
end  milling  cutter  is  used  with  a helix  angle  $.  The 
depth  of  cut  is  a,  the  width  of  cut  is  b.  A right 
hand  helix  is  used  and  the  teeth  which  are  cutting 
are  at  the  back  of  the  plan  view  as  indicated  by 
broken  lines.  In  Fig.  2b)  the  action  of  one  tooth  is 
considered  on  a plan  which  shows  the  unfolded  (un- 
rolled) surface  of  the  cut.  The  cutting  edge  is  then 
a straight  line  inclined  by  0 and  it  moves  from  left 
to  right.  Three  successive  positions  1,2,3  of  the 
moving  edge  are  indicated.  Any  such  position  is  mea- 
sured by  the  angle  a (shown  for  position  2)  through 
which  the  leading  point  of  the  cutting  edge  has  moved 
from  the  beginning  of  its  cutting  action.  (For 
correct  dimensional  representation  the  horizontal  dis- 
tances in  the  plan  view  are  obtained  by  multiplying 
the  given  angles  by  the  value  of  cutter  radius  r) . 

In  the  position  2 the  total  length  of  the  edge  engaged 
in  the  cut  is  r6  ■ b tan6  and  the  angular  positions  ^ 
of  the  individual  points  of  the  edge  spread  from 
(a-6)  to  a.  The  whole  action  may  be  divided  into 
three  phases.  In  phase  A the  length  of  the  cutting 
edge  increases  from  0 to  the  maximum  width  b (to  the 
engagement  angle  6).  In  phase  B the  length  of  cutting 
edge  remains  constant  while  it  moves  through  varying 
chip  thickness.  In  phase  C the  cutting  edge  length 
gradually  decreases.  The  ranges  of  a are: 

A:  [0,6],  B:  [6,*j  ];  C [♦,.  ♦ 6]  (3) 

For  a large  ratio  of  cut  width  b to  cut  depth  a the 
cycle  is  slightly  different  from  the  just  described 
one  which  we  denote  Type  I.  In  the  Type  II  cycle 
shown  in  Fig.  20  the  engagement  angle  of  the  cutting 
edge  reaches  at  the  end  of  phase  A a value  which  is 
smaller  than  6>b  tanB/r.  Throughout  ohase  B the  cut 
spreads  constantly  over  a range  of  As  is 

shown  later,  this  causes  the  force  to  remain  constant 
in  this  phase.  The  ranges  for  a are  now: 

A:  B:  C:  l«,  ♦,  . 6)  (<l 

In  any  position  of  the  cutting  edge  during  the  cut 
the  cutting  force  is  distributed  non  uniformly  along 
the  edge  because  its  individual  points  have  different 
angular  positions  t and,  consequently,  they  cut 
different  chip  thicknesses.  This  is  illustrated  in 
Fig . 3 . Using  Eqsd)  and  (2),  the  contribution  of  an 
element  ^ of  the  cutting  edge  to  the  total  cutting 
force  is: 

dF^  « K s sin  ♦ dy  (5) 


dF^  ■ 0.3  K 8^  sin  ♦ dy 

The  resulting  force  element  dF  when  applied  at  the 
center  of  the  cutter  may  be  decomposed  into  fixed 
directions  X and  Y: 

dF  --dF  cos<-dF  sin^»-Ks  (8in^co8(>+0.  38in*^)dy 


dFy-  dF 
Using: 


we  may  i 
^ in  the 


8in8-dFj.cos^«  KB^(sin*8-0.38in^co8*)dy 

ntegrate  expressions  (6)  within  the  limits  o 
individual  phases  of  the  cycles: 


f 


Type  I.  A:  lO,al,  B:  [a-6, a],  Ci  (a-5,*j] 
Type  II. A:  I0,al,  R:  [O.tj],  C:  [a-d,*,] 


Thus,  the  limits  are  the  same  for  Type  I and  Type  11 
in  phases  A and  C;  they  differ  in  phases  B.  Carrying 
out  the  integrations  and  denoting  as  a unit  force  F^: 
F..  • 0.5K  s.-T-S-s 
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It  IS  obtained: 

Phase  A: 

• -F^ (sin*a-0 . 1 5 sin  2a  ♦ 0.3a) 

Fy  ■ F^  (a  - 0.5  8in  2a  - 0.3  sin'a) 

Phase  B > I . 

-F^[  svn*a-sin*  ('i-AI+0.3^  + 0.158in2(n-<S)-0.15sin2n) 
Fy»  F^[A-0.5sin2a*0.5ain2(n-6)-0.3sin*a+0.3sinMa-6)] 
Phase  B, II: 

■ -F^ (sin^tj  * 0.3#j  * 0.15  sin^i) 

***  ' sin2  **-0.3  ain'*j) 

Phase  C: 

F »-r  l sin^*7-sin^  {a-A)*0.15ain2((i-6)-0.15sin2^7  + 

* " 40. 3 (♦7-rt+6) ] 


\ ' 

\ \ 


F »F  (♦7-a46*0.5sin2(a-A)-0.58in2^7  + 0.3sinMa-A)- 
''  “ -0.38in'«:)  (10) 

In  ail  these  rases  tt  is  further 

F - /r^‘  ♦ F.^’  (11) 

I'.Kpressions  tlO)  and  (11)  apply  to  a single  tooth. 

For  seveial  teeth  cutting  simultaneously  it  is 

F . /(IFjj^)'  . (tFyj)'  (12) 

for  1 * I to  2,  where  i is  the  number  of  the  tee'h, 

fvpressions  ( 9)  , ( 1 0)  , ( I 2 ) have  been  written  into 
• .«»pufer  program  and  evaluated  and  plotted  for 
«ri>.a«  <-(wiht.iat  ions  of  depth  of  cut  a,  width  of  cut 
-—■"ter  ef  teeth  t and  particular  values  of  P,K,8  . 
Farsples  Of  these  v.trious  cases  are  given  in 
4 an«l  s in  all  tliese  cases  the  following  para- 
•ei*  used  P»10’,  K ■*  2 1 50N/rm’ , s.»0.1'»mm, 
f.  ^‘et  2r  •*,15  mm.  The  depth^of  cut  a 
• •*'  c ■ ut  h are  shown  in  the  same  scale  for 

• ses  jF  ir  responding  sketches.  The  unfolded 
V ««  wv I 1 illustrating  the  phases  A, 0,0 
»*•»  »r  rh  In  Fig. 4 rase  a)  is  Type  11 
• • vwr>  stvort  phase  H and  corresponding 


' 'i^ 

V ''  K 

\ \\  ''  ^ 

1J_\ i 


0 100  200  300  400  *tDE61 

short  flats  at  the  tops  of  the  force  versus  rotation 
curves.  Case  b)  is  the  same  but  for  width  b which  is 
larger;  the  force  reaches  the  same  maximum  which  stays 
longer  constant  during  a larger  phase  B.  The  force 
cycle  extends  over  a larger  total  engagement  angle. 
Case  c)  differs  from  a)  by  double  the  depth  of  cut 
which  makes  it  Type  1.  There  are  no  flata  on  the  tops 


of  the  force  curves  and  the  cnaximum  is  higher.  In 
Fig.  S,  the  case  a)  applies  to  and  it  corresponds 
to  slotting^  with  #}-180^.  It  is  a wide  Type  1 case 
and  the  increase  of  force  on  one  tooth  is  synunetrical 
to  its  decrease.  This  case  gives  the  maximum  force 
for  a given  value  of  b.  Cases  b) ^c) ,d)  are  the  same 
as  a)  but  with  zs2,3,4  respectively.  It  may  be  seen 
how  fast  the  force  variation  decreases  with  increasing 
overlap  of  teeth. 


Fie.  5 


In  Pigs.  6 and  7 the  computed  force  variation  is 
compared  with  measured  forces  for  several  cases.  In 
ail  of  them  cutter' diameter  2r«6.35  mm  was  used  and  a 
value  of  K corresponding  toK*9.66  x 
s(fflm]  .Values  of  s^t  6a)  0. 03enm,b)  7a)  0 . 09mm,b)  0. 02mRi. 
Haterial  of  the  «or)(piece  was  1040  carbon  steel  with 
HB*166  kg//miR*.  The  force  scale  is  different  in  each 
case*  however  the  geometric  figures  showing  a and  b 
are  drawn  in  the  same  scale.  Graphs  6a)  and  b>  are 
Types  I.  Graph  7a)  is  Type  II*  graph  b)  is  again 
Type  1*  however*  with  t-4  while  all  the  three  pre- 
ceding ones  have  i«2.  It  may  be  seen  that  the  com- 
puted and  measured  values  are  in  good  qualitative 
as  well  as  quantitative  agreement.  The  differences 
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in  6b)  and  7d)  are  due  to  the  run>out  of  the  cutter  in 
the  cutting  tests. 

THE  TRANSIENTS 

One  o^  the  most  important  transient  cases  is  such 
where  the  cutter  is  approaching  a plane  side  of  a 
workpiece  and  is  entering  along  a normal  to  it.  Such 
an  entrance  is  illustrated  in  three  steps  in  Fig.  8 
with  the  cutter  moving  upwards  and  above  it  the  un* 
folded  views  of  the  cut  surface.  Cutting  starts  at 

and  ends  at  6"^}  for  any  point  of  the  cutting 
edge,  the  whole  cut  being  symmetrical  with  respect 
to  axis  X and  extending  to  both  sides  of  it  by  an 
angle  c.  The  depth  of  cut  is  denoted  e.  The  formulae 
(6)  for  the  cutting  force  apply  again  but  the  inte- 
gration limits  arc  different  than  in  the  preceding 
paragraph.  Obviously,  at  the  beginning,  for  small  e, 
we  have  the  ’^vpe  II  cycle  with  the  force  constant 
through  phase  i.  The  limits  for  this  case  are: 


for  as  A:  [♦,,♦, *6),  C:  [♦, *6, 

for  #!  A:  [♦i.a],  B:  [♦,.♦,),  C: 

Then,  as  shown  in  case  2,  when  the  depth  of  cur 
reaches  the  value  e the  phase  B ]ust  shrinks  to  lero 
and  the  cutting  edge  reaches  the  maximum  possible 
length  b while  it  is  in  the  central  position.  This 
represents,  obviously,  also  the  maximum  magnitude  of 
the  cutting  force.  Further  on,  the  cutting  cycle 
becomes  that  of  Type  1 and  reaches  its  extreme  for 
e*r  as  shown  in  case  3.  In  this  case,  again,  the 
cutting  force  reaches  the  same  maximum  as  in  case  2. 
This  applies  strictly  to  one  tooth  only.  However, 
cutting  is  extended  over  an  engagement  angle  of  180’’* 
i.  This  larger  engagement  angle  means,  of  course, 
that  forces  established  on  individual  teeth  of  a 
multitooth  cutter  start  to  overlap  and  this  may  lead 
to  an  increase  of  the  maximum  force  depending  on  the 


FINl  b.5mm,Z-2 
1695 


a) 


1695 


FIG.9  •/r 


number  of  teeth.  For  a two-tooth  cutter  such  an 
increase  is  small  or  none.  This  analysis  is  illus- 
trated in  Fig.  9.  Cases  a),b),c)  have  been  derived 
by  computation,  case  d)  is  given  as  actually  measured. 
In  all  the  three  computed  cases  the  same  cutter  radius 
r>3.175  mm  and  the  same  feed  per  tooth  s oQ.lS  mm 
were'  employed , number  of  teeth  z*2  for  a;  and  c)  and 
z>4  for  b) . There  is  a significant  difference  in  the 
width  of  cut  between  cases  a),b)  where  it  is  b-S  mm, 
resulting  in  a ratio  of  b/r«1.6  and  case  c)  where  it 
is  b«21.6  mm  resulting  in  a ratio  of  b/r-6.6.  In  the 
experiment  the  result  of  which  is  in  d)  the  cutter 
radius  was  r"7.94  mm,  2«2,  s *0.13  mm,  b*lSmm.  The 
horizontal  coordinate  in  theBe  graphs  is  the  relative 
penetration  of  the  cutter  into  the  workpiece  as 
expressed  by  the  ratio  e/r.  It  may  be  seen  that  in 
the  first  two  cases  the  amplitudes  of  the  periodic 
force  reach  very  quickly  the  final  maximum.  In  cases 
c)  and  d)  the  amplitude  is  increasing  comparatively 
slowly.  However,  it  reaches  its  maximum  before  the 
engagement  of  the  cutter  reaches  its  maximum  of  4}* 
180**  at  e/r*l.  In  the  experimental  case  the  run-out 
of  the  cutter  causes  periodic  variation  of  the  force 
amplitude  once  per  revolution,  i.e.  once  per  every 
two  teeth. 

It  is  extremely  important  to  understand  the 
fast  increase  of  the  cutting  force.  For  a two  fluted 
cutter  the  maximum  is  reached  at  the  depth  of  cut 
which  depends  on  the  cutter  radius  r and  width  of 
cut  b (for  B-30®) 

e^~T  (1-coB  r (1-cos  0.289  (14) 

or  approximately,  ^ ■ 0.0417  ^ (15) 

Thus,  e.g.t 

for  b ■ j,  • 0.01  r, 
for  b • r,  Sjij  ■ 0.04  r, 
for  b«  2r,  0.17  r. 

After  this  short  distance  of  penetration  the  duration 
of  the  force  Increases  but  not  its  magnitude  (for  the 
2 fluted  cutterland  it  is,  of  course,  the  magnitude 
which  matters  for  breakage  of  the  cutter.  The  short 
duration  of  the  force  still  aggravates  the  matter 
because  the  transducer  and,  especially,  the  servo 
might  not  fully  perceive  the  siaximiss  of  the  force  due 
to  the  filtering  effect  of  their  larger  time  constants. 
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THE  TIME  PrtAY 

Formulae  (5)  and  (10)  show  that,  with  all  otJ.er 
parameters  constant,  the  force  is  proportional  (or,  at 
least  approximately  so)  to  the  feed  per  tooth  s which, 
itself  is  obtained  as:  ^ 


whore  s[mm/nin)is  the  table  velocity  (feed  rate), 
n/min  is  spindle  speed  and  z is  the  number  of  teeth 
of  the  cutter.  Thus,  it  would  seem  that  the  force  is 
instantly  proportional  to  table  velocity  a.  However, 
it  may  be  shown  that  there  is  a time  delay  included 
in  this  relationship.  In  Fig.  10a),  first  a simpli- 
fied case  is  shown  of  milling  a narrow  surface  (width 
A)  with  a single-tooth  cutter.  The  i/idividual  cuts 
following  the  indicated  position  of  the  cutter  are 
numbered  1,  2.  . .,7.  The  distance  of  the  first  cuts 
is  the  chip  thic)(ness  equal  to  the  feed  per  tooth 
s . Imagine  that  at  the  moment  when  the  tooth  has 
]ust  left  cut  4,  in  position  M,  the  table  velocity  s 
suddenly  increases.  Therefore,  the  feed  per  tooth 
in  cuts  5,6,7,..  is  correspondingly  greater.  However, 
the  corresponding  increase  in  force  will  not  be  felt 
immediately  in  the  moment  M but  only  after  the  tooth 
will  come  into  cut  again,  i.e.  approximately  after 


a full  cutter  revolution.  If,  instead,  the  table 
velocity  a is  suddenly  increased  when  the  tool  is  in 
point  N,  i.e.  about  half  tlie  revolution  after  cut  4, 
chip  thickness  in  cut  5 will  be  increased  by  only  half 
the  final  increase  which  will  not  apply  until  cut  6. 

In  Fig.  10b)  a simplified  case  is  presented  which 
illustrates  what  happens  in  the  case  of  a two  fluted 
cutter  milling  with  full  diameter  (slotting),  i.e.  the 
dimension  A of  Fig.  10a)  is  now  equal  to  cutter  dia- 
meter. The  8 impli f icat ion  consists  in  neglecting  the 
sinusoidal  variation  of  the  chip  thickness  which  was 
described  in  Fig.  I and  assuming  that  every  tooth 
moves  along  a straight  line  across  the  machined  sur- 
face while  it  simultaneously  moves  with  constant  feed 
velocity.  As  soon  as  one  tooth  left  the  cut  at  the 
bottom  the  next  tooth  starts  to  cut  at  the  top  at  the 
same  X-position.  At  the  beginning  the  feed  per  tooth 
is  s.  . From  point  M on  the  feed  velocity  is  doubled 
so  ’ that  the  now  established  feed  per  tooth 
s.  ■ s..  . From  point  M on  the  chip  thickness 

t j t j ^ 

(shown  dashed)  starts  to  increase  until  in  Point  N, 
one  tooth  period  later,  it  reaches  fully  the  new 
value  8^  . Thus,  it  is  obvious  that  a sudden  increase 

tj 

in  table  velocity  produces  a corresponding  change 
fully  only  after  a delay  of  one  to  one  and  half  tooth 
periods  during  which  delay  there  may  either  be  a 
gradual  change  or  just  vacant  time  depending  on  the 
ratio  of  the  angle  of  engagement  of  the  tooth  to  the 
tooth  pitch. 

tn  Fig.  lla)  the  r«»ault  of  an  experiment  is 
shown  where  the  table  velocity  s was  rather  suddenly 
changed.  The  record  of  the  force  which  is  plotted 
above  the  record  of  table  velocity  is  distorted 
because  of  a rather  great  run-out  of  the  cutter  in 
this  experiment.  Therefore  two  envelopes  are  drawn 
separately  for  the  high  and  the  low  teeths  It  is 
not  possible  to  say  exactly  when  the  force  reaches 
the  new  level  but  it  is  somewhere  between  t^»110 
msec  and  ^^^*50  msec.  The  tooth  period  here  was  60 

msec  as  it  corresponded  to  a 2 fluted  cutter  rotating 
at  500  rev/min  • 0.33  rev/ser. 

In  Figs.  l?a)  and  b)  two  recotds  are  shown  where, 
artificially,  instability  was  introduced  in  the 
servo  of  the  milling  machine  so  that  the  velocity  of 
the  table  varied  periodically,  A record  of  only  one 
radial  component  of  the  cutting  force  is  shown  as 
established  on  a rotating  dynamometer.  Therefore,  it 
IS  sinusoidally  modulated  by  the  spindle  speed 


n*B.33  rev/sec  (period  of  120  msec).  The  envelope  of 
this  record  is  indicated  and  it  represents  the 
magnitude  of  the  force.  The  main  period  of  the 
variation  of  table  speed  is  between  250  and  320  msec. 
The  delay  between  velocity  and  force  variations  is 
40  to  50  msec  while  the  tooth  period  is  30  msec. 

All  these  records  prove  the  point  made  in 
relation  to  Figs.  10a)  and  b) . This  delay  is 
extremely  significant  for  the  stability  of  the 
adaptive  control  loop. 
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OVERL*Y( FRANK, U,0) 

PROGRAM  MICRO(XNFin,OUTPUT,F  ILb,RASE,TAPE,SU^^!RY,TAPE2  = l^PU^  , 
1=OUTPLT,l APE4=SUM^KY,TAPE5=eASE) 

COyPON  /ANSR/IY,NO 

COMMON  /TOOL/lTLCG,ITGRP,nTYPE,TLDES(15),CP,CC,CW,K1,r.?,Ki, 

1TP,1B,TS,1Z,D,G 

CO^PO^/^^OOL/MTCOLE,PTDES(i5)  ,RTV,FyrT(iO),V^T(5t7),T  I,T“[>,flPE  AX 
1,f^^f'IN,FMT^AX,V^TI•I^,VKT^AX 

COITAiON/CCS  I/_X  KIj,  1 , X K?,  C FE  E C,  C TOOL  , CDtLL,COtP,CFPE,CEATCH 

i,cefee6,cmfled,cresh,cset,ci6ad,crtv 

COr^P.ON/T  IME/XMU,XM  ,XK2 

L/t^TLCU,>^TLGHP,KTLHRD,l*!TLCND,MLNV(1S) _ 

COP>ION/N:ODEL/CCNST,NOIK,INOEX(1  5),COEFf  (IS) 
C0PA.0N/0FN/10P,0PNAPE(6),101JM 

CUl^^^O^/CUTS/VOLA,  VOL,XL  ,RDIST,  E , R C A C T , A D A C T 

COi'’KON/DBASE /N8ASE  A,NBASEB 

CONf1Ot;/MA0A/F  (20)  ,V  (2C),T  (20),  ICF  (20)  ,NCF,NDn',F.[f  1 ,NDr?,M;F3 

1 , ! JJZiL*  vr  I f-i  .Vf^AX.F  F^AX 

C0hP.0N/FUSC/ENDFlL,P,NL,PNArE(6),TLCAD,  TC,I.Fr'.T 
C0.1M0N/0UTPIIT/HP,R,FPT 

_ _DAT_A_  lY/lMY/^Np/IJiN/  _ __  

CALL  'l<rTLRN('6HSLi>^KY) 

CALL  RETUfiN(AH!'ASE) 

WRITE  (3_,10U)  _ 

ILL  F‘0kTia't(//tJ6,*^  ICVO"  cost  ' ES'Tli*iAT'lO’N’sYhTl  ,*Df  VELOPf  U PY 

1*  RETCUT  kFSEAKCH  assoc.  INC.*) 

JC _ _ _ _ 

C IN'PU>  DATA  BASE  INITIALS 
C 

y«RlTE_^3,l1Jj) 

iu.  F'bn.'''AT  (/•  INPljT  Data  BASE  i N I T I Al'.  S * / * = * ) 

K£AC(2,1 15)»  BASE 

__11_;,_F0RI»_AT(A5) _ 

' Wk1>E  rS,i2T)rjOASV',NE'!ASE'‘  ' " 

T2l  FORN  a T (1  t,.,A3,2r;A  .,1e.  .,A3,2E'R.  ) 

KEaINJ  S _ _ __  

'rEAD(  S,12S)NEA'sE  A,NHASEP 
!<;:>  ^0R^AI(cA6) 


InFUT  pant  NAiAE 


12/  WR11Ll3,130)  _ _ _ _ 

13C  FOKAAT(/*  IMl.T  PART  NANE  (A'AX  24  CEiAR)*/«  =*y 
K E A D ( * , 1 3 S ) ( PN  Ar  E ( I ) , I = 1 , 6 ) 

13'J  F0P*AT(6A4)  _ _ 

Wl<n  1(3,542) 

'j‘.2  FOnA-AT(/‘  II  put  no.  farts  'ACHIN'LD  at  cm  TIM  CN  '/!*/*  =*) 

READ(  2,*  )NFI'  T_  _ 

C 

C I A MIT  WORFPIECl  NATLAIAL  CODE 
C 

13/  WnIIF(3,14U) 

14L  FCRNAK/*  ISPLII  UCREFIELE  I'ATL  CCCE  (0-1  1 S I I I.G  ) * /*  =♦) 

R EAD( i ,* ) M LC  D _ 


OOIjIOCI 
TAE  f 300011U 
000120 
000130 
0001  4 1. 
U0C150 

,xN  bcciVi 

000170 

00012  0 

000150 

000201 

O0U21I 

coo?2(; 

000230 
OOE  24o 
000250 
( 0(  2 6'. 
000270 
000260 
CC02  9!' 

000  300 

I i 0031 0 
O00321 

O.Q1133tL 

*,  000340 

000350 
_ -.OQOi^OL 
(003  7. 
00C3a0 

000 3 A 0 

(^10400 

G00410 

00042C 

0004  m: 
r CO  4 4 1 1 

^ 0'2'45l. 

000460 
000470 
O0'u4M 

"’00640  c 
cooscn. 

I 01  51 
Cl:0  5 2(. 
000  5 31 
000541 
0U( 55r 
OOoSM 
0(/05  7C 
Ol'OSAi 
0()050(; 

' U C 6 D I 
uOO( 10 
OOOCI 
i.oOf  6; 


r 


c 

000640 

c 

CALL  KTLIST 

^0P65M 

c 

000660 

IF(MTLCD.fcU.U)CALL  0VLiaAY(5HFK/Nt:,1,0) 

()0P67(/ 

I F(mLCO.tJ.O)GO  TO  157 

1.0068 1 

c 

rj006RU 

c 

CALL  MTChL 

000700 

c 

U00  71I, 

CALL  0VF.KLAY(5Hf'«AN»:,2,0) 

000720 

IF(ENCFIL.LO.-1.)G0  TO  137 

C0C7  5CI 

If(tNCFlL.LU.U.)GO  TO  1A0 

U00740 

143  WRiTt  (3,145)NTLC0,fjbASLA 

COC.75f 

145  FOKMAT(/»  I'mTERIAL  C C Ll  * , 1 X , I 5 , 1 X , * 1 S ICT  ]R  DATA  L A SF  * , 1 X , A 1 L / 

( 0076! 

1*  NEW  f'ATERlAL  *) 

000770 

READ(t,1 50)  IANS 

C0078.0 

150  FORNAKAI) 

00C.79( 

I f ( IANS. £Q  . 1 Y) 60  TO  157 

000800 

If  IIANS.EQ.NOGC  TO  250 

00(611 

WRITE  (3,155) 

(100820 

155  FORMAT!/*  YES  OR  NO  ONLY.  TRY  AGAIN*) 

000830 

GO  TO  143 

L0U841. 

c 

000850 

t 

INtUT  OHIRATION  COLE 

OOdROF 

c 

0008 70 

Ito  WRITL(3,1h5) 

000880 

185  FORMAT!/*  INPUT  OPERATION  CODE  !0=L]ST)*/*  =*) 

(j008V( 

Rf A0(2,*  )IOP 

C0090L 

c 

ooovu 

c 

CALL  OPLIST 

r oi;s'2f 

c 

'00V3(i 

If  !I0F.  to.:.  )CALL  0\/bRLAY!5HFRANF  ,3,0) 

000^4 L 

IF (lOF.l 0.0)G0  TO  180 

C 00V5( 

c 

000960 

c 

CALL  CFCFk. 

iKlOV/l, 

c 

( (.098' 

CALL  0VLRLAY!5HFRANF  ,4,(1) 

00094(1 

If(EN0fIL.tu,-1.)G0  TO  IRE. 

oniooc 

if!ENOfIL.LO.U)GO  TO  l^c 

00101(1 

20j  write  !3,20t,)  lOI 

C01020 

Aob  FORMAT!/*  OPERATION  C OL E * , 1 X , I 3 , 1 X , « DOF S NOT  EXIST*/ 

f 0103I' 

1*  Ab»  OPERATION'  *) 

001040 

RtAD(t.,1uOL.)IANS 

001050 

i K1  ANS.  bCi.  I Y)  CC 
I F (1 ANS  . to . \0)OC 
WHlYb 
00  • C CO'S 


TO 

TO 


1»U 


I.  Cl  Ooi' 
001070 
001 C AC 


c 

C If.CUT  tool  COl'F 
C 

1 V6 
1y7 


WKi Tt (J, IV7) 
FO.xMAT(/*  lOf'UT 
Kt>.0  (2,*  ) I ILCO 


TOOl  I'ODt  (0  = 1 IST)*/*  =*) 


CALL  ILIS1 


OIIIC'W 

001100 

C0 1 1 1 r 
001 120 
coil  50 
OM  UO 
001150 
001160 
001170 


255 


UinLCI'.tu.U)CALL  0Vlt-LAY(5MfrANr,S,C;) 

I F ( I TLtL!  .t  'i.CDCC  TO  1 Vf.  

C*<LL  '-TS 

CALL  CVLKL*.Y(5hFt<ANF  ,o,t.)  ' - 

lF(EM.FIL.t  ^.-1  .)GO  TC  1'»6 
IF(LNLFIL.Lu.U)(jO  to  A5i 
) WRTTL  (?,19»')1TI  to 

FOKI*.AT{/*  Coot  OOF.S  NOT  tXJT.  MW  TCOLf*/*  =») 

Rt  AD(  c',1  ULIi)  IANS 

IF  (lAf  S.ECi.IY)Gu  TO  1 '/6  ''  “ 

IFCIAFS.tO.NOGO  TC  1 5 

WRITE(i,15b)  

GO  TO  i'/'/ 

j y j J' iJ-  y i.’'!  t 1 0 0 L c 0 0 1 

. URITE(3,451) 

I FCRi'ATC/*  INPUT  f/T  C 0 u F_{  0=  L I S T ) * / * fO 

RtAO(,.,*)FHtOOt 

C^-LL  .CL  1ST  

IF{l*'TC*OOE.Fi,.{))CALL  OVEKLAYISHFFAFIC,?,,.) 

IF  (ivTCCOt  . 10.0)(  0 TO  45X. _ 

CALL  ■<!*!$ 

'call  OVLRLAY(5FfFR/\Nic,h7c)  ~ ’ 

I f (EMFIL.  LG.-1  .)  GO  TO  A50 

lFj(tNLFlL.M).0)&0  TC  IvS  

/'  WRITE ti^A61 iHTCClt' 

I FoKI«AT(/*  CODE  *,IS,*  OOFS  NCT  EXIT.  NEW  ^/T  C 0 F f ' * / * =*) 

_R_t  AO  (i  ,1  CjUl  ) I ANS  _ 

IF(IANS.EQ.IY)60  TO'ASO 

IF(IANS.tQ.NO)  GO  TO  ..15 

WRIT  1^3,155)  __  _ _ 

go' to'  4'ou 

) wRITk(3,217) 

' FORIYAK/*  INPUT:*, TIC-, ‘SETUP  TINE  ( M N ) , * / T 1 ! , * L 0 A O-ONL  0 A ('  TIM* 
ii  (M'iN)',  */tl6,'*LOT  SIZE*/*  =*T  ■ 

READCt,* ) T0,TL0AD,NL 


-Ew  ^/T  core'*/*  =*) 


CALL  CE'Lk 


CALL  OVERLAyCSHFFAM  ,<?,0) 
'1F(  I0U(*'.  £W  .-1  )GO  TO  215 
GO  TO  (201  ,2.02,205,204)  I OUf- 


CALL  F-ENCOT 


C A y.0  V ERL  A Y FR  A 1^,  0 ) 


001  I'-.L 
C01  1 -■-■.l 
_CC120l. 
cci2i: 
001220 
OC125f 
i'C'l  24. 
COI^'50 
001  2 M' 
lU.I??'' 
0012A(i 
lC'I  2'/i 
'COI  50C 
001311 
CC1 72l 
001330 
OC  1 34(1 
J01 35^ 

ceil  3^0 
1)01  370 
U L1 1 3 R ' . 

' JiVi 

1.01  401 
001 41C 
01014  20 
0014.31 
up  1 4 41: 
CGUbU 
oOUt,- 

.P.P14J7P 

0(1  UR  I' 
(.0149- 
0015011 
o(i,151i 
COI 520 
001530 
nil  540 
00,1  5 50 
_0;  U'l  5lS(. 
1.0157.' 
OOUrC: 
0J'.'15’i»( 
0011600 
OolMO 
:_pi62'' 
'Pol  6 3(~ 

COI 640 
JJjJ  16  50’ 
0016(50 
( 01671. 

001  6^U 

0 Clove'. 

001  70': 
rci  7u 


c 

L’OI  72  L 

t 

READ  DATA  FOR  ALL  THREE  LEVELS  OF  M AC H I N AB I L 1 1 Y DATA 

00173C 

c 

001 74C 

NDP  = U 

EC175f 

NDPb=L 

001760 

NDF 1 =L 

001770 

NDF2=L 

OUI  7fcl. 

NDP3  = C 

001790 

DO  fe3C  1=1,3 

U016UU 

00  TO  (800,810,820)1 

001810 

c 

001820 

c 

CALL  PEMCA1 

Ciri830 

c 

001840 

eOl 

CALL  OVER  60  TO  830 

c 

001870 

c 

CALL  PEMCA2 

001880 

c 

001890 

f 1C 

CALL  OVE RL AY (SHF KAHX ,1 1 ,0) 

001900 

GO  TO  fe 3C 

G01<.-10 

c 

001920 

c 

CALL  PLMDA3 

i'01930 

c 

00194C 

S2C 

CALL  OVERLA Y(5mFKANL,12,0) 

CU1950 

IF (NDF3.EQ.U)G0  TO  b30 

t 01961 

c 

001970 

c 

INPUT  max  tool  LIFE  FOR  MODEL 

001980 

c 

C01P90 

WRITE  (i,82li1  ) 

002000 

<;tU1  fOKKAK/*  INPUT  MAX  TOOL  LIFt  (U^NO  LI*'IT)*/*  =») 

002! 1! 

READ(?,*)TLIMIT 

002020 

WRITE (3,c22) 

002!. <0 

822 

FORMATE/*  CONTOUR  PLOT!  *) 

Of  2( 4{ 

READ{2,100(..)IAN5 

tiC205C 

IF (lANS.EQ.lY)OO  TO  E23 

. (.2(  t' 

1 F ( lAKb. I 0 .NO) 00  TO  8 3U 

LT20  7( 

WKITE<3,155) 

0(j2('6f^ 

bO  TO  821 

C Cc’CVi. 

C 

002100 

C 

CALL  CONTOUR 

LU211f 

823 

CALL  0VtRLAY(5MFRANR,13,C) 

1 02121 

e3C 

CONTlM'L 

0021 30 

IF(NDP.Nf.()CALL  OVERLAY(5HFRA.\r,U,0) 

0021 41 

1F(NDP,CQ.0)WR1TE(3,8A0) 

Ij021  SO 

C 4 u 

FORMAT!/*  NO  DATA  POINTS  WERE  FOUND  IN  MACt  INABILITY  FILES*) 

002160 

c 

1 !/21  7 : 

c 

call  FEMCNL 

002180 

c 

0,021^0 

5UO 

CALL  OVE  RLAY(5HFRANtr,15,0) 

00c2':fi 

c 

002210 

c 

CALL  PEMtRT 

C02221 

t 

01)22  fli 

IFINDFC .NE.0)CAIL  OVERLAY! 5HFRANX, 14,0) 

002240 

lF!NDFi,.NE.l.)GO  TO  500 

002250 

CO  TO  210 

002260 
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2li2 

CALL  OVt RLAY(5Hf RANA,1o,n) 

0U227U 

60  TO  210 

(1022EU 

2lji 

CALL  0VEHLAY(5Hf KANL,17,0) 

0()2?9(J 

GO  TO  210 

(I023CII 

CALL  CVtK’LAY(5rlf  RANK, 18,0) 

002310 

21iJ 

CONT) NUK 

002320 

215 

WKITb (5,220) 

iiC2  33U 

22C 

FOkMAK/*  NLW  TCCL(I)*/*  MTU  OF  E R A T I CN  ( ? ) * / * NL»  PART(J)*/ 

O023AC 

1*  STOKA)*/*  =*) 

0('23r)(. 

RE  AD (2,*) 150 

01.2  360 

GO  TO  (1 V6,la0,127,230) IGO 

002370 

2iu 

WRITE (i,2A0) 

0 0238(1 

24C 

FOKI*tAT(/*  SOrpiARY  OF  OUTPUT  IS  IR  FILE  RAMI'  SOkRRY*/ 

C023V0 

1*  WOOL  LUCE""*//) 

OOPACn 

10U0  FOiH^AKAI) 

002A1(, 

REWIND  A 

002A20 

CALL  EXIT 

(i02A3l 

FND 

(:02AAU 

SUo ROUTINE  PEMEUN(FF,VV,TT,C,TY) 

C02A5C 

C 

C02A61: 

c 

This  program  calulatls  costs  and  tires  for  fu  ri r^iii  pal  (no  rilling 

00?A7() 

c 

002A8(‘ 

COy|'ON/T(:OL/lTLCL',ITGKE',ITTYPE,TLDES(15),rr,CC,CU,H,X2,E7, 

o(!?A 

1 rF,Tc,Tb,I7,D,G 

002500 

corwo  N/M  TOOL /MT  CO  DE,R  TOES  ( 1 5 ) , W 1 V , F T ( 5t. ) , VP  T ( 5(  ) , F I , T D , HP  r A X , X F 

, 0025U 

1 F i1  T M N , F Xi  T "i  A X , V R T p;  I N , V K T R A X 

0CI25?(, 

COF,r.ON/CCb1/XXU,xr1,XN2,CFtED,CTOOL»CDl,LL,CrjfF,CFRE,CE.iATC^- 

00253( 

1,CKFEFD,CIAFIED,CKESF.  ,C5FT,CL0AD,Ct<TV 

0 02  5 AC' 

CORMCN/T  I'1L/XM0,X  M ,XP  2 

C0255II 

CO-rtCE  / Cl.iTS/VOLA,GC;L,XL,RDIST,E,ROACT,Ar'ACT 

11 1 2 56  ('■ 

COiPNON/NISC/t  NL.F  1l,P,P.L,F’NAM.  (6)  ,TLOAD,  TO 

002570 

CO I'hCN/OUTF  UT  / I p,  T 

r 02  56 ( 

I F ( c F . E u . 0 ) n = 1 

' nrs-'i 

IF  (Ti.  .E  V.  .0)  ‘ 2 = 1 

002600 

If (CC.tC.0)n3=1 

(.02  6 1;' 

c 

injii  6 2 0 

c 

C A L C U L A T L S C , 1 , P.  2 , A 0 , F 1 , A 2 

002630 

c 

0026.AC. 

|KIV  = R01ST/|'TV 

■002  6 50 

1slT=  IO/FLOAKi.L) 

'002660 

XPu=TMV»Tl  OAO+TSF  T 

vjG2  6 70 

XP  1 = (t  + XL)»RDACT*ADAGT 

002681. 

XI'v2  = XL»RUACI*AIiACT*TD 

OOrC'Fl' 

c 

•v  U2  7''( 

c 

O0271U 

c 

0(1272.) 

CR  r V=  x!«  Tkl  V 

0027  30 

CLCAD  = Xi‘l*UoAD 

L i.)  ? 7 ^ u 

csr  T = xr  • isL  r 

: . 2750 

XL  (,  = XP  «X  '0 

00276(1 

X F.  1 = X . ' * X M 

002  771. 

c 

! 0 . 78 

c 

CgiPUU  T(.0L  CgSTS 

002  7''(: 

c 

■ ( ^.-(10 
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m 


I 


; 


I 

! 


Dui  L = x,»*  xrt 

OEF=CF/f LOAl  (Kl  + 1) 
hESH=G»TS 

002P10 

n02ti20 

('0283C 

c 

WhEtL  = CUI 

PKE=G  *Tf' 

Ca2PAL; 

C02b5U 

l'02{i6U 

1 

VOt  A=£*FOACJ>‘ACACI 

VOL=XL*ADACr'*ROACT 

U02E 7U 
00288U 
C02890 

XK2  = XI'*XM2  + VOL*(Otf+R£SI'+WifCL-*(KE) 
R=12.*fF*VV»FLCAT(I2)*RDACT*ADACT/3.1A15V/D 

CFEED  = xn  /K 

0029nc. 

1)02510 

D0292C 

CDL1LL  = DIILL  /R/TT 

CDEP=VOL*DEP/R/n 

CRESF'  = VOL*(HESh  + W(ttL)/R/Tt 

002930 

O029A0 

00295U 

CHPE=V0l *PRF /R/TT 

CT00L=XK2/K/TI 

CEFEEt)  = Xf'*VOLA/R 

002960 

002970 

0029P0 

c 

c 

CriFEE  D = XI'»  VOL/F 

CALCULATf  TIME,  COST,  PP,  PCNT  TOOL  USED 

002990 

003000 

00301C 

c 

C=XKC+XX1 /R+XK2/K /T I 

TM  = XI'L  + Xf'1/R  + XF2/R/TT 

003C2C 

00303C 

0030AC 

HP  = R*P 

003050 

CBATCl.=  C*FLOAT(NL) 

003060 

PPT=R*TT/VCL 

003070 

RETURN 

C030E0 

END 

003090 

FUNCTION  XTL(V,F) 

003100 

DIMENSION  VAR(2Cl) 

003110 

COMMON/CUTS/VOLA,VOl,XL,R01ST,£,ROACT,ADACT 

003120 

C0MM0N/M00tL/CCNST,N0IN,lNCEX(15),C0EFf (15) 

003130 

COMMON /M  AO  A /FF  (20),VV(2C)),TT(2C),ICF(2n),NDF',NDFC,NPP1,NDP2,NDP3 

0031 35 

1,TLIM1I,VM1N,V«AX,FMIN,FMAX 

003136 

VAR (1 ) = ALO&  (V) 

0031  AO 

VAk (2 ) = ALO& (F  ) 

00315C 

VAK(3)=AL06(R0ACT) 

003160 

VAR (A )=ALOG (ADACT ) 

003170 

VAR(5)  = V AR(1 ) *VAR  (1  ) 

00318C 

VAR(6)=VAP(2)*VAR(2) 

003190 

VAfi(7)=VAR(3)*VAk(3) 

003200 

VAR (E ) = V AR (A) *VAR  (A  ) 

0032 1C 

VAk(9)=VAK(1)*VAk(2) 

003220 

VAR(1C)=VAR(1)*VAR(3) 

003230 

VAR (1 1)=VAH<1)*VAR(a1 

0032A0 

VAk(12)=VAH(2)*VAR(3) 

003250 

VAR(13)=VAR(2)*VAR(A) 

003260 

VAK<1 A)=VAR(3)*VAh(A) 

00527C 

XTL=CCNST 

003280 

CO  10C  1=1, NOIN 

003290 

KK=INCEX  (I  ) 

003300 

U'U 

XTL=XTL+COEFF(I)*VAK(KK) 

003310 

XTL  = EXF  (XTD 

00332C 

! 


259 


1 f lU  IM  T .t  u.L)  Kt  lURIi 

IKXTL.i  T .TlIM  n XU  = TLI  I-  ] I OU3iAL 

KtTUHK  (1033^1' 

tNU  '.113561 

OVf Kl AY ( f KANX , 1 ,C)  003370 

PKOGKAr  PTLIST  _ _ 0{)<3c0 

C TiU53‘K. 

C T.-.iS  PPOlPAS  LISTS  ^ATtWiAL  FiLt  fCR  ."UCRO  S Y S T I (•  L03AU0 

C (0561: 

COl»rCF,/OtASt/M  AStA,N6AStt.  \AilU2 

tO^A:ON/ML/MLt  D,f'TL6hF',6TLhKti,MLtF‘D,FTLNr  (IS)  00  34  3') 

WRITfcCi^e'O)  _ r:0<44(' 

8.  FOPhATC/*  CLiOE*  ,1  Ox  ,*  DFSCR  IP  T ICN*  / ) ' ' ' 003450 

CALL  RETURN  (4ht‘ASt ) C.0346r' 

CALL  t tK^^  IL  (E!<R,6HATlALII,AHr<ASt  ,Ni.'ASE.'  ,2)ICY,c’)  ';;U3a7' 

VO  HEaD( 5,1  CO) ICHT ,I EOF  1 ,IChX^,ICHX 3, (t'TLOF  (1) , 1 = 1 ,15)  OU34;o 

iLi;  FURr'AT(15,1X,2(I3,1X),I2,1X,15A4)  lj054Vf.: 

iF(tOF(5).Nt.O)LO  TC  120  _ OOiSC! 

"URIU  (3,110)  ICor  , (MLOF  (I  ) ,1  = 1 ,1  5)  005511. 

lU  F04("AT(  IX,I5,1y,15A4)  (o55?' 

CO  TO  V(/  0035  31 

lit,  CALL  RtTURH(4HtfSL)  00354!; 

RETURN  (03551 

END  _ 003560 

0Vt'KLAYTF(<AN<,2,0)  ' ^ ' ‘lllj'557t. 

FkC&RA,''  MCHX  0035.'-' 

C _ _ __  _ _ OOJS'-C 

C fpi's  PkOGRAV.'S  CHECKS  ANC  C.CN  f I RR  s"  P A T E K 1 Al.  CODE  FOR  riCRt  SYSTEM  0t.l36rT 

C 003610 

COi’WON  /ANSR/IY,NO  _ _ r;056j>(i 

COI'A'ONVdBASI /UEASEaVnBaSFk  ‘ ' ‘ I'036  3li 

COI»NON/ML/F'TLCD,4'TLGKF,F'TLHRP,rTLCr.O,''  TLNP  ( 1 5)  00  364  0 

^0!'M0N_/MISC/E:N'ti_FIL  005650 

CALL  PlTURN'(4HtASE)  ' ' " ' ” 003660 

CALL  ( EK'rFIL<ERH,6t'ATTACH,4BBASr,NnASCA,?l,rY,2)  00  36  7( 

lUO  READ  (5,1  10)  ]CHK,P  ILCKP,^  TLHRO,F  TLCNr,_(A  TLN'A  j I ) , 1=1  ,1  5)  _ _LJ'36^! 

Vic  FORKAt(i5,1X,2(I3,1X),I2,1X,15A4)  ' ^ 6036vt 

IF(E0F(5).NE.0)C0  TC)  15C  003700 

if  (UHK.NE.r-TLCD)(.0  TO  100  003710 

115  WRITE(3,12b)MTLCD,(RTLNKl), 1=1,13)  “ “ ' 0I)57?( 

120  fORIYATC/*  C0rE*,1X,l5,1X,*]S*,1X,1  3A4/*  CCFFECT'  •)  O0373( 

RtAD(t,1 30) IANS  003740 

13l.‘F6rF'AT(AT)'  ^ P0375C 

1F(1ANS.L0.N0)FNDHL  = -1.  00  3760 

IFCIANS.EQ.NOGO  TC  16C  C U5770 

TrrrANS.LQ.lYiGO  TO  I5b  ■i;057>'i 

URITE(3,135)  D037V0 

135  FORMAK/*  YES  OR  NO  ONLY.  TRY  AGAIN*)  L’056Cr^ 

G0T0“TT5~  ■ ■ ^ ' “ 0036  1') 

15C;  ENDFU  = ECF(5)  003820 

160  CALL  RETURN(4HHASE  ) 0’C'56<C 

RETURN  ” - - --  003>40' 

END  005650 

Oy±''L  AL'f  FK  AJ'^K^3  A ) _ __  _ 0(  3601 
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1 


o'  o 


c 

c 

PPOGKAr,  Of'LiSt 

THIS  KKOGKAr'  LISTS  OPfcKAIION  fILt  FOR  MCt-C  SYSTFF 

003870 
i i 0 3 f L 
a03c9ij 

c 

C 0^  i>iO  Fi  / DH  A S t / N R A S E A , N B A S t e 

CO  '«0^^/OP^/^OP,OP^AM^  (6),  1 Dl'M 

nU340C 

0C391C' 

00392r, 

WRITE  (3,5(1) 

003930 

5L  ECKriATC/*  OP  CO  D E * , 1 UX  , * 0 E SC  R I P T I ON  * / ) 

CALL  KETURNCAHbASt ) 

003'-4U 

00395(,' 

call  FEK'.'»FIL(£RR,6HATTACH,4HBASf,NHASEA,2HCY,6) 

00396' 

6^.  READ(5,7Ei)lLHIC,(OPNAnE(l),I  = 1,6) 

FORMAT (13,1 X,6A4) 

003970 

C0398U 

If  (£0F(S^j.NE.0l&0  TO  120 

WRI IE  (3,80) ICHK, (OPNAM ( I), 1 = 1,6) 

8l  F0RMAT(3X,i3,AX,6AA) 

003990 

CO 4 000 
0U401C. 

GO  TO  Tiu 

004U2C 

120  CALL  rE TURN  (4HPASL ) 

END 

004030 

004040 

c 

OVERL  AY ( FRANK, 4,0) 

PROGRAM  OPCnK 

004050 

004061'; 

004070 

c 

This  (ROCKAM  checks  AND  VERIFIES  OPEFAtTON  COM  FOR 

MICRO  SYSTEM 

00 4 08 ( 

c 

C0YM0E/0PN/I0P,CPNA|VE(6),I0LIM 

004091; 

004100 

CpVMOf,  /ANSK7IY,N0 

COmMCN/MSC/ENuF  IL 

COf'MCN/DEJASE/NRASEA,NBASEB 

0041  1 0 
004120 
004130 

CAM  RL  TURN(4HUASE) 

CALL  MP''fiL(ERR,6HATIACH,HHBASE,NBASEA,2HCY,6) 
luK  READ(5,110)ICHK,(oPNAiYL(I),l=1,6) 

004140 

00415C 

00416(j 

111  FORMATd  3,1X,6A<.) 

IF(£CK5).NE.0)G0  10  150 

If  ( ICEiK.  NE  . lOP)  GO  TO  1(  0 

004170 

004180 

004191! 

115  WRITE  (3,12o) lOP, (CPNAME  ( I ),I =1 ,6) 

12u  FORMATE*  CODE*, lx, 13, IX,  * I S ♦ , 1 X , 6 A4 / * CORRFCT! 

*) 

004200 

004210 

READ(2,13U)1ANS 

004220 

13l  FORMAI(AI) 

If  (1ANS.L0.F.0)ENDF1L  = -1. 

If  (IANS.EQ.NO)GO  TO  160 

004230 

004240 

004250 

IF(IAfS.FQ.lY)  GO  TO  150 
*R1 TE (3, 1 35) 

135  FORMATE/*  YES  OR  NO  ONLY.  TRY  AGAIN*) 

(l04  26(. 
004270 
0U42«(; 

GO  TO  115 

004290 

150  EnDF1L=E0F  (5) 

I6t,  CALL  RETUREl  (4HF>ASE  ) 

004300 

(;0431(i 

RETURN 

END 

OVERLAY  (FRANK, 5, U) 

004320 

004330 

U0434O 

program  TLIST 

00435( 

c 

c 

This  PROGRAM  LISTS  TOOLS  IN  TOOL  FILE 

00436. 

004370 

OOA3!-r. 


C0MM0N/T00L/ITLCD,lTG«P,ITTYPt,TLDES(1'j)  ,CP,CC,CU,Kl,K^,IC3,  aOA39Ci 

1TP,lB,TS,I/,0,o  ^ 
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CO>MON/DtASL/NHASbA7M&ASEt-  ^ ” ' COAAIlJ 

WRnt(3,5U)  aOA42C 

FORMAK/*  loot  COOE*^1C.X,*DF  SCRI  FTlOh*/) GC443C 

CALLPLfURN(4HBA'SET  ' 004440 

CALL  I ERMFlL(EK'K,6HATTACH,4hBASE,N8ASEA,2hCY,4)  004450 

to KEAD(5/7LI)ICH>C,lCH>:l,ILHF:2,(TLDEStl),l  = 1,15) 004461 

"7  o'  ■ f 0 « M A l'(  I 5 , 1 X , '13 Vi  X , 1 1' , T X ‘l  5 A 4 ) C 0 4 4 ? C 

If (E0F(5).NE.0)G0  TO  120  004480 

__  U^lTy3^6CMCHx,'TLDES(l  ) , 1 = 1 5) 0044‘;n 

80  "FOki*A  f(1  X,  15,4X,i  5A4‘)  ' ' 004501, 

t<EA0(5,L1)XCHK  004510 

ril  FOR«AT<fi.O)  004520 

GO  TO 'to  - - - - - ...  - 004530 

120  CALL  PtTURN(4HUASL)  004540 

RETORK  _ 004550 

ENC  ' - 00456! 

OVERLAYC FRANK, 6,0)  004570 

004  581 

C “ " ’ ' 004591)' 

C Tl'is  MHCGi<A8  CHECKS  AM'  OFjTAlNS  TCCL  INFO  FOR  MCKC  SYSTE8  L04601. 

S_ _ 1)0461  U 

CC>80N  /ANsk/'IyVnO  ■■  “ "■  '■  004620 

COYKOK  /TOOL/lTLCD,ITi,RF,  ITTYPE,1LDES(15)  ,Cf',CC,CV.,K1  ,K2,K3,  0 04630 

_1TP,TB,TS,IZ,0,C,  _ _ _ 004640 

* ’ COi'r'ON/'DE.AsL/N'OASE  aVf.BASI  B ' 004651) 

COf'iA.ON/MISC/ENOf  U ,)  004660 

C _ _ _ 004670 

C Ci-tCK  TOOL  KILL  FOR  TOOL  l ATA  ' " ' 1)04660 

C 004691 

_ CALL  REJ  URN  t4HBASE  ) _ _ 004700 

' CALL'T'ERFF  rLaKR,(  hAT“TA‘tH,4F;'BAS£  ,K.BASf  A,2HCY,'4)  o04710 

7o  RE  AD ( 5,60) 1CHK,I TORI  , 1 n YPi  , (TL OES ( J ) , J = 1 ,1 5 ) 004721 

If  (E0K5).Nt.0)G0  TO  151)  004730 

' 6i.  FOR'1Al'(r5,1X,I3,1>.Vl1,1X,15A4)  "004740 

RLAD(5,65)CP,Ct,Cw,»1,K2,K3,TP,Tb,TS,I/,D,G  00475. 

c 5 f 0 RN  A 1 ( F 6 - 2 , 1 X , F 6 . , 1 X , F 5 . 2 , 1 X , I 3 , 1 X , I 3 , 1 X , I 3,  1 X^  F 5 . 2^  1J<_,  F 5.2, 1 X,  004  76  0 

1K5.'2,1X,l‘2,1X,Fe.3,1)<,F5.2) ' 004771 

G=G/6L.  0C47«( 

I F ( ICMK . NE . i TLCD) C 0 TO  7o  004700 

iu  ARITE  li,“lO'o)ICHK,  (Ti  Di's(j'),j‘='l',13)  ' ' ' 110460!. 

luC  fOKYAU/*  CODE  *,I5,*  IS  *,13A4/*  CORRECT'  ♦)  00481)' 

REAU(2,1  ID)  IANS  004621 

11),  FORK'ATCAi)  - . --  - - 

1 f ( I ANS. 1 Q .NO) f NDF I L = -1  . 00464C 

If  (lANS.t  Q.NOGC  TO  ISO _ r.046  50 

I F ' I AE  S . tU . I Y)  GC  T0"14U'  - " - _ , '01)4670' 

uRjIt(3,115)  0U487G 

1 1 S FORl'i'A  T( /*  YES  OK  NO  ONLY.  IRY  AGAIN*/)  004881 

GO  TO  9j  — . _ ...  . _ 

140  UR1TE13,145)  004900 

145  FOnYA  !(/•_  INF'UT  UNU  HP*/*  =*)  _ _ __  i'D4t1; 

’ hEVD(i,*)P  " - - - - ■ .....  f04“-2'o 

ENUFII  =ECF  (5)  004930 

150  CALL  Rt  TI'RnUHHASE  ) __  3^8941 
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AD-A053  339  METCUT  RESEARCH  ASSOCIATES  INC  CINCINNATI  OHIO  F/6  13/8 

MATHEMATICAL  MODELING  OF  MATERIAL  REMOVAL  PROCESSES  FOR  IMPROVE--ETC(U) 
SEP  77  V A TIPNIS»  S A VOGEL»  S C BUCSCHER  F33615-76-C-525A 


UNCLASSIFIED 1566-23599 AFML-TR-77-154 ^ 


4 of4 

AO 

A053339 

a 

1 

ii; 

ki, 

Ill 

; 11 
• T'.  T r ^ 

» ‘ 

: 1 

i*  ? 

1 

END 

DATE 

FUMED 

6-78 

DOC 

R E T 0 R '• 

ENC 

OVtRLAYC 1 RANK, 7,0) 

004<»5f 

004560 

004970 

PKuGKAM  wCLlST 

C 

C Tl.iS  PROGrAa;  lists  T'/T  in  6./T  filf 

004980 
00499C 
0C50QO  . 

C 

CC''PCK/X'.T00l./KTCCDC,MCfS(15),PTV,F«lT(50),Vl'T(50),TI,TD,HPPAX,XI- 
1 F M T M N . F R T 7- A X , V M r'  U , V M ^ A X 

00501C 
, 005020 
005030 

‘jtl 

COiiOOA/i/BASF/NOASEA,fJ!iASEH 

WRITE (i,5L) 

FOwRATt/*  ^/T  CCL r • ,1 OX,*DESC« IPTION*/) 

005040 

005050 

005060 

60 

CALL  RFTliRN(AHP.ASF) 

CALL  FLkl*FIL(£RR,6HATTACH,4HHASE,Fv'EiASEA,2HtY,3) 
READ(5,70)lCHL,,RTTYPE,(RTDtS(I),I  = 1,15) 

005070 

005080 

005090 

ft 

FORMAT(15,1X,Ic:,1X,15A4) 
lF(EOF(5).Nf.G)bO  TC  160 

WRlTE(3,»i0)JCHK,(Ml.tS(l),I  = 1,15) 

005100 

005110 

00512r 

C.U 

F0RMA1(1X,15,4X,15A4) 

RtAl)(5,Vlj)XCHX,XCHM,XCHY2,XCHK3,N 

NR2=N-2 

005130 

005140 

005150 

9o 

1 Ou 

F0RR.AT(F6.i,,1X,6(F5.0,1X),I3) 

02=N/2 

MTYPF=F»TTYI't-1L 

005160 

005170 

005180 

IFCMTTYPt.Gt.lOGC  TC  100 

005190 

bO  TO  (110,110,130,140)FTTYFE 

C052CU 

110 

RE  AU(5,1  50)  (FMT  (I  ) ,VRT(I)  ,1  = 1 ,r,2) 

005210 

Mi. 

14U‘ 

15u 


bO  TC  6G 

Rt  AO  ( 5 , 1 it; ) ( Vil T ( i ) , J = 1 , 2 ) , ( f ^ T ( 1 ) , I = 1 , 2 ) 
bO  TO  tU 


160 


HEA0(S,150)(Fi*'iT(l),I  = 1,2),(vr'T(I),I  = 1,NM2) 
FORrATlSCFb.I^IX)) 

J.0  TC  6C  _ 

C ALL  'rTt  URN  UHBASET " 

RtTUF'A 

£NC  „ _ 

OVthLAy(FR<rtv<,1C,0) 

PkOGPA"  "'M5 


TmIS  FKC6^A^  CICCFG  6/T  COOF  AM)  "CBfAINS  A/T  INFO 


C0i22(- 

OCbPJO 

00S2AC 


l,052S0 

005260 

C0527I 


COl>!«CN/MSC/ENOFll  ,P,NL,FNAkE(6),TL0AJ),T0,NrMT  _ _ __ 

CO*'EOf./ANSK/rY,KO 

CO‘!«OA/MTOOL/l*'TCOP£,  yTCESC  1 5)  ,RTV,  FY  T (50)  , VNT  ( 50),  TI  ,TD,Hf't'AX,XT  , 
1 FMThJ  R,F,V|TF  AX/Vr.Ti';!.'.,  V"  TKAX 

■■c()''>'6N/UbASF//NbASE“A,>JBASEh  ' 

CO''!'OA/TOOL/ITLCO,nGRP,ITTYPr,TLOES(15),CP,CC,CL,Al,r2,»:3, 

1TF  ,Tb,T5,IZ,0,b  _ 


0052^0 
C052''n 
0fi530( 
005310 
005321. 
005330 
0053 At 
OU535( 
005360 
lK)537r" 
0053kf. 
0U53«t. 


005AnC 

LOSAli; 

005A20 


fi. 


Cl'LCK,M/T  FILL  FOR  DATA 
C A ■Lr“R  F f U R M 4 H (iTs  t ) 

CALL  ELK^FIL(ER^,,6HAlTACH,4H^!ASE,^BASEA,2HrY,3) 
READ(5#8L)lCH<,l'UTYy^(MTDEE(I)^I  = 1^1^ 


00543(1 

005440 

00545Ci 

005460 

005470 

0054J<0 
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! 


f0ft«4T(li,1X,K’,1X,KA4) 

00549C  ' 

IHEOHi)  .NKO)GO  TC  1 iC 

OOSSIK 

^ltAD(5,^^5)KTV,II,TO,HP!'AX,^',X^ 

0Q55T'  ! 

^.5 

E 0 H M A T ( r 6 . c , 1 X , 5 < F 5 . 2 , 1 X y , 1 3 , 1 X , r 6 . 6 ) 

005520 

X«  = XK/t(.'./FLOAT(NK'I) 

005530 

NW2  = N-*; 

005540  i 

Ai2  = N/c’ 

005550  1 

C 

(.05561/  1 

C 

«FAB  M/T  L]i«JTS  ACLCWC1N(,  70  TYPE  TOOL 

005570 

c 

D055?0 

tt 

rTTYPE^MITYKt-K 

005591. 

I r (h.TTYPt  .01  .10)60  TC  «6 

005600  1 

GO  TO  (01,91,Vi,V<,)^TTYEE 

Ci)56ll. 

?1 

KLAU{i,Vi)(H'',T(i),Vi''T(i),I  = 1,N?) 

005620 

FnTMIK=FWT(1) 

C/05630 

FMIKAXsF"'  I (N2) 

C0564i'  J 

vf'Tr  n.  = vrT  ( 1 ) 

005650  1 

VhTMAX  = VF  T(N2) 

005660  ,1 

1.0  TO  96 

C,0567(  1] 

fi 

KE  AD ( i,Vi)  (VMT ( 1 ) ,1-1  ,:  ) , (F  ^ T ( 1 ) ,I  = 1,^^ . ) 

0056P0  j 

F M I M r.  = f K T ( 1 ) 

00569I.  I 

F^TMAX^IPT 

005700  ] 

VI'TI»'U  = VPT(  1) 

005710  j 

VMPAx- vr-T  (t  ) 

005721  •! 

GO  TC  96 

005730  1 

K E A D ( i , V i ) ( 1 r T ( 1 ) , I = 1 , c ) , ( V i'  T ( I ) , I = 1 , N f-  , ) 

(’05741-  ij 

FMTWl N = F M (1) 

005750  1 

Fr'.T6AX=Ff'T(2) 

005760  il 

VPTME=VPT  (1) 

005771  y 

VPiTMAX  = Vr.T 

('057F<(;  1 

FOhF'AK.'-  (F6.3,1X)) 

(05791  ^ 

V 6 

COMINLE 

(105  f 00  ; 

c 

005610 

c 

CO'.VEKT  P/1  L1‘''ITS  TO  ]PT  AMD  F PM 

005H?( 

c 

005F<30 

FmMM-FPTMN/HOATdZT/VMIMAX 

0U5E40  ! 

FP.TrAX-fMi-'AX/FlOATdZT/Vl'IMM 

(J05E51 

VMA  IM^VMT"  1N*.26?*0 

005E6C 

VMTA  AX  = VA  II  AX*.4.'6<;*D 

0(l5Fi7C 

1 F ( 1 ChT  .ME  .i.T  lot  E )(,(;  10  /O 

0058PC  1 

vv 

WHITE  l3,1C,U)  ICPX,  (M  CE‘;(  I ) ,1  = 1 ,1  3) 

005890  I 

lUL 

FCkMAK/*  CODE  *,li,*  IS  '*,13AA/*  COKRFCT'  *) 

005900  i 

htAD(Z,1  1(J)  IANS 

005910 

IK 

FOHMAKA  1) 

00592C  j 

lF(lAwS.tQ.N0)Lr.DFlL=-1. 

005931 

IF  (lANS.ru.NOlOC  TO  1i;'- 

005940 

IF  (lAF  S.l«.  lYKC  TO  14L: 

(■•(I595u  1 

WRITE (3,115) 

1/05960  1 

Hi 

FOHP.AK/*  TLS  OF.  NO  ONLY.  IRY  AGAIN*/) 

1/05971'  1 

GO  TO  99 

(, 05961. 

14U 

ENDFIL=10F (5) 

(!05O9t' 

1 i(J 

CALL  El  TURN  (LHF.ASE  ) 

006000 

HE  IDRl. 

OOM  11 

END  

1/06020 
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OVt  •'L  AY  ( » HAf.A,  1 1 ,(,) 


noXajcJ 


f-Rl/OKAI'  Of’l  h CU6CUL1 

c nuct'bt 


c 

c 

This  IROClAr  CnOOSfS  OMhAlIOK  SUS-l-COIlMK  fOI  MCKO 

SYSfEM 

006  06  0 
006a7(; 
(.U608I! 

]f  (joi  ati.7i.)&o  TO 

IT11C».IJ.'J()&0  TO  (1 

1 T 1 ICF  ao  . VUO)  00  TO  70 

U0609U 
Ci06U)C 
(.061 1C 

IF  (ICFaii.71  )G0  TO  tc 

006120 

WRITE  (J,  Ai;)  JOP 

C061 3U 

Ai.  EORPATl/*  OlbBATiOR  DOES  NOT  FXJST*/) 

006140 

iour'=-i 

006150 

RETURN 

006160 

ili 

I DDF  = 1 

006170 

H E T U R P 

006180 

cU 

lDlli’,=  <. 

006190 

RETURN 

006200 

fL 

lDUP  = i 

006210 

RE  TURN 

006220 

c u 

H)Ol*'  = A 

006230 

RETURN 

U062A0 

END 

0(.6250 

OVERLAYIE RANK, 12,0) 

006260 

FROORAP  FE'OAI 

006270 

c 

006280 

c 

THIS  PROGRAM  SFARIHES  fOR  LEVfL  1 M A CH  1 N A[- I L I T Y DATA 

AND 

006290 

c 

RETURNS  DATA  FOR  OUTPUT  IN'  PFPPRT 

006300 

c 

006310 

DIMENSION  UODE (12),MC0Df (12) 

006320 

COYlrtON/DbASE/NUASE  A ,NPASEB 

006330 

COPMON/CUTS/VOL  A,V0L,XL,RD1 ST,E,RDACT,AtAC  T 

C1063AC! 

COrtMON/l'TL/PiTLCO,MTL6RP,MTLHRD,PTLCND,MTLNr'.(  1 5) 

006350 

CO  YMON/OPN/  10P,CPNAR,E  (6)  ,I  DUM 

006360 

CORMON/TOOL/1TLCD,ITGRP,ITTYPE,TLOCS(1S),CE,CC,CU, 

F 1 ,K2,K3, 

006370 

nP,Tb,TS,I7,0,0 

006380 

tOMP.ON/MADA/F(2(:),V(20),T(20),lCF(2U),NCP,NDFU,NDP1,N0P2,NDP3 

006390 

c 

0Q6A00 

c 

READ  DATA  FROM  MADA1  FILE 

006410 

c 

006420 

CALI  RETURN(AHBASr  ) 

006430 

CALL  FERrFU(tRR,oHATTACfl,/,HPASE,NRASEI',2HCY,1) 

006440 

100 

READ(S,110)(IC0DE(I^,l=i,12) 

006450 

1 1ll 

E0KMAT(1i:(U,1X)) 

006460 

1 f (EOF  IS) .M .0)G0  TO  210 

006470 

READ  (5,110)  (MCoDE  <n  ,I  = '1  ,1?) 

006480 

RLAD(S,120)MlNHhD,rAXHRD,ICN0,DC,MR 

(106490 

120 

fORMAU13,1X,Ii,1X,I2,1X,F6.3,1X,12) 

006500 

VV  = U 

006510 

DO  13U  1=1, NTK 

006520 

HLAD(S,1A0)ITMAT,XCME1,XCHE2,XCH»:3,XCHrA,XCHr5 

006530 

lF(llMiT.>iC.lT6RPTTn3  TO  130 

0065AC' 

VV  = XCH»r  1 

006550 

F 1=XCtiK2 

006560 

F<f  = xchri 
f <.  = xci-xs 

COM  IMH 

FOKHXIll5,1X,r4..U,1X,4(F5.5,1X)) 
IFCVV.lu.UJGO  TO  1l,C 


ChtCX  ALL  VAfilAULtS  FCF  VALIDITY  CF  DATA 


Tf.li 


DO  15l  1=1, T2 

n ( lOI  .1  0.  UODL  ( I ) ) DC  TO  160 
1.0  TO  IOC 
DO  17C  1=1,12 

I F (MT L6KF. tO.MCOOE (1 ) )GC  TO  1^0 
CO  TO  100 

I F IFlTLliK  D.L  T .iAIKOK'D  )(.0  TO  U O 
1 F vrT I hk C.O I .rAXHRD )C0  TO  100 
IF(i*'TlCNC.rF  .ICND)C.('  10  IOC 


C 

C Cr.lCX  fOk  TYPc  CUT  f;  Y DFHTh  OF  CUT. 
C 


IF  IkOFCT -LT  ..6*Dl')CiC  IC  10( 

1 F IkDAC  T .GT  . 1 . ‘j*DC  )l.C  TO  1C.C 


C 

C DATA  >,  0 I VALID  FOk  D I A ' L T ( k G W t A T £ K 
C 


ALLOW  +0K-,  60  l-AkD  WIDTH 


T H A A 


IF  (D.CT  . J.IuC  TC  1C(,  _ _ 

C 

C DATA  IS  VaIIC'.  CFiCOSl  CO-!LCT  FCFD  OIFFHCIMG  0 6 DIA.  OF  FND  "ILL 

C _ _ 

‘ VCP1=L 

I F ( D , I T . . 3 2 : ) F ( = F ) 

I F ID.  GF  . .3F0.  ANii  . 0 .1  T . .(.t  5 ;F  F = F f 

IF(D.(l..h2S.A'Jr'.D.lI..c.i'S)FF  = Fi 
1 F (0.  Ct . .F;76)  FF  =f  4 

C 

C ADJUST  SF’FID  U Y DFk'Tri  OF  LOT:  S PF.  F D = ( I)  1 / DC  ) * V 1 ♦ V 1 ) / 2 
C Ul'tHt:  0 1=F'AF4L  '00k  L'LI  TH  OF  CUT,  n,'  = ACTUAL  OfFTi:  OF  CUT, 
t Vl=HAM'tiOOF  SF^riC,  SFFFD  = ACTUAL  SPtFC  

c 

VV=(DC/KCACT*VVkVV)/2. 

C 

C SIT  UF  F,V,T,ILF  AkkAY  FC-  30,t0,y(  rtT'lUTIS  T(CL  LIFF 
C 

DO  <;CC,  1 =1 , T 
JsJkhCk 
V(J)=VV 
F(J)=FF 
T( J)=  1*3 
IC  F ( J )=U 
200  CONTIMil 
C 

C AuO  3 TO  ‘.(I.  C M A FOINIS 
C 


616  5 71, 
0066^0 
006690 
T.C66PC 
0066 10 
00662U 
■5066511 
0U664C 
0C665r 
0066 60 
0066 7C 
006661 
0066W0 
CU67CC 
6 7 1 

006720 
£067  3!. 
J2f)6lAU 
006  7 sc’ 
0C676I' 
^66^70 
006  76  0' 

ULi<.7ku 

0066  n(^ 
uri68 1 r 
C 06k 20 
Ul)6k  30 
(I'oek  At 
006k5U 
006660 
006  6.  "7  i 
U06k8(j 

006«_yL 

006900 

006911 

006921 

006930 

006940 

0C695I 

006960 

0C697C 

006980 

ia;69‘9f 

1.07CCI' 

007011. 

007('2L 

t,  j703' 

0070A0 

i;07LS0 

'■t,706i: 

007070 

l!U70kC 

I 07091 

007100 


L 


J 
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tic  CALL  H lUKf.  f AH^•AS^  ) 


'')07110 

0071i;0 


Rt  ruRr 

007130 

L NO 

G07Uf, 

OVL  RL  AY  ( Pt<A\r  ,1  j,li) 

007150 

PkCCiRAi'  Ifc’-uA,: 

C0716( 

c 

007170 

c 

THIS  SPARLhLS  pop  LEVlL  2 ^ AC  M I N At- 1 L I T Y DATA  PCR 

0071 RO 

1 

OUIP'UT  IN  P-tN»‘T 

0071  VO 

c 

007200 

cirppjsiCN  icnK(')) 

007210 

CO* POP /ObASl/NfAStA,NHAbFH 

007220 

COl»P.ON/LOPS/VOtA,VOI.,XL,KDlST,£,KDACT,ADAlT 

r,0723C 

COrP.ON/M  IL/'  TLll.,PT  LGRP,IMLHRD,rTLCND,'*  TLPP(11<) 

007?ACi 

COPPOP  / OPN/;oP,OPMAf'P  ((i),lDUP: 

007250 

COM'OK/100l/ITLLO,nc.RP,ITTYf’t,TLl'tS(1!>),CP,CC,CU,»:l,L?, 

F5, 

007260 

1 I P , T b , r D , I 7 , D , G 

007270 

cor  P 0 p.  /P.  A 0 A / K t ) , V ( 7 L ) , T ( ^L  I C K ?(1  D f.  0 FQ  , N CP  1 ,N  DP2 

,NL'P3 

0072h(j 

C h i f.  = *r  S . t t C 

U0729( 

TPiP-=YV.t2;, 

007300' 

P.FTS  = t 

007310 

c 

( 073?(, 

c 

KfcAU  UATA  FhO.-*  P,Al'A2  PILL 

007330 

c 

007 3AC 

CALL  M T LRr:  (AHt'ASt  ) 

CALL  I I lU-  f 1 L ( th'K  ,c.tiAT  1 ACH,aHBASL  ,NbASEu,2HC  ) 


00735L 

007360 


ll.O 

KE:Au(i,iio)(icHP  (i),i=i,A),ri 

007370 

JP (tCP (5).N' .0)OC  TO  150 

007381 

in: 

POKKA  T( 1 3,1>,I5,1>,I5,1X,Ii,1X,I3) 

1)07390 

DO  UL  l = 1,r. 

007400 

c 

007411: 

RLAD<5,120)XCHL1,XCrK2,fF,VV,TT 

007420 

120 

PCRPA1(2  1P  5.3,1X),i(P6.3,1X) ) 

l)074i( 

c 

007440 

c 

C-itCR  ALL  VAI<IAP'LEi>  POK  VALIDITY  OT  DATA.  ALLOW 

♦ OR- 

.50  BAND  ON  RD 

00745L 

c 

007460 

IK  ICP  .P.E.  1 CtlKI  I)  )L0  TO  Ut. 

007470 

IP  (P-TLCI'.M  .ICPiX  (2)  )Gf:  TO  140 

007400 

IKITlCD.Nt.lCt(K3))G0  TO  14C 

007490 

IF(kDAtl.|T..5*xChr;1.0R.R0ACT.GT.1.5*XCHXl)GC 

TO 

140 

0075U0 

lP(ADACT.LT..5*XCt.t2.CR.ADACT.GT.1.5*XCHK2)GO 

TO 

140 

007510 

t 

00752C 

c 

DATA  IS  VALID.  CP-.LCr  POP  PIN  COST  AND  MIL  TINE 

01)7531. 

L 

007540 

NPIS=NFTS-*  1 

007550 

CALL  PL P LON (PF,VV,TT, COST, TINE) 

007560 

I F (COST . GT .CNIR) CO  TO  130 

007570 

CPilN  = LOST 

007580 

VP»IPC=VV 

007590 

FM1P.C  = F F 

007600 

TMP,C  = TT 

007610 

LCFC=1CHK(4) 

00'7620 

130 

I F (TIM  .GT  . T''II,)GC  TO  140 

007630 

IN.If<=TIrr 

007640 
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1 

VMINT  =VV 

TWIM-TT 

00765C 

00  7661' 
007670 

lCfT=lCHk(4) 

COMIMJf 
to  1C  KiU 

(J076fc(' 

fi('769C 

007700 

c 

c 

c 

Ski  IIP  f ,V,  1,  ICF,  A I.H  AY  fuP  MIN  COST  ANO  MIf.  lIMt 

00771U 

007720 

007730 

Ibl) 

IFlNPIS.tQ.i )G0  TO  160 
f (NDP-*1)  =f  MNC 

V(N0P  + 1 ) =VMNC 

0077AC 

007750 

007760 

T(NDP+1)=TA INC 

1CKN0P  + 1)  = 1CI  t 

1 (NDPt2)=f MINT 

IT07?7L 

007780 

007790 

V(M:<P'*i)=VMlNT 

T(MP-*.?)=T>'INT 

ICI  (NDPYc)  = ICn 

007800 

007810 

00762(1 

NDP2=2 

007830 

NCt=NLP  + c’ 

007840 

1 (lU 

CONT lAUk 

007850 

CALL  PF 1 LKN (AHPASE  ) 

007861! 

KtTUHf 

007671) 

tr.D 

LC788C 

OVlPL  AY  (fP  ANA,  U,C) 

0078.00 

FKOtftAA  Pfc.-'OAi 

007900 

c 

007910 

c 

This  PKOGPm'',  SkACRCHIS  TCP  LEVFl  3 PACMINAhUllY  DATA 

007920 

c 

FOR  OOTPIT  IN  PEMPRT 

007930 

c 

007941 

DlrflNSlON  ICHA(S) 

007950 

external  XTL 

(!C796r' 

COI'ACN/l'BASE/NPASEA,N[)Ar.FE' 

|’C79  7'. 

COi*  iv  ON/LUTS/VOL  A,  VOL,  XL, R0IS1,t, FT,  AC  T,AOAtT 

(107980 

CO>'MON/PTL/MTLCD,MTL6RP,MTLHR&,»'TLCNO,i^TLNF(15) 

007991/ 

CO..MON'/OPN/10P,OPNAMf  (6)  , lOUM 

L'DHOOl; 

COMMON/TOOL/I  TLCC,I  T6PP,ITTrpr  ,TLUf  S (IS  >,CI  ,Ct,CW,Kl  ,L\.',X3 

008010 

1,TP,Tfc,TS,I?,0,C 

U06020 

COMMON/MAOa/F  (?{;)  ,V(?r:),T(20)^  KF  (2C),M/F^PtPCi^NCP1^N0F2^NLf  i 

00803C 

1, TLIM  IT,  VM1\’,VA  AX, FM1N,FMAX 

008040 

C0i‘K0N/A.0DkL/C0NST,N01N,INDfX(15),CCEFf(15) 

008050 

tOM'CN/MTOOL/>lTCOl)E,f'TOES(1b),KTV,f  MT(Sr  ),VT  T ( SO  ) , T ^ T 0 , PPF  AX^XT^ 

008060 

nMT!>IIN,Fr'T«AX,VATriN,V»T''AX 

008071. 

CMIN=S9.12l. 

008080 

TPIIN  = V0.E2li 

008090 

NPTS=0 

0C8100 

c 

008110 

c 

PkAC  DATA  FnOM  MADA3  FUt 

1/08120 

t 

~W8130 

CALL  RLTURN (AHIASI) 

008140 

CALL  Khr'FlL<£PK,6HATTACH,AHFASE,N.^ASFr-,2HCY,3) 

008151. 

luj 

HEA0<S,110)(IC»'K(1),I=I,S) 

008160 

lie 

F0AMA1<M,1>,IS,1X,IS,IX,13,1X,U) 

i 08)1  70 

If  (Ecir(S).M  .o)co  ir  2lo 

008180 
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KEAD(5,1<;U)kDMN,Kr',''/>x,A0WIN,AC»'AX 

00fc19l' 

WCI 

f OKA  AT  (.4  (1  b.3,1  X)  ) 

(I0R200 

Rt  AD(S,130)1K.IN,1KAX,V«lN,VI'AX,1LmN,Tl  KAX 

000210 

1 iC 

rOhl'A  T Tf  (1r  .3,1  X ) ) 

008221' 

ALAt{i,UO)tONST,A'CT\ 

008230 

1<.u 

fOKr.Al(Hi.3,1X,U) 

008240 

KtA0(:-,1SU){IN0fX(l),I=1,N0IN) 

008250 

1 ;)w 

F0hAAT(^C){J7,1X  )) 

008260 

NL INI S=N01N/A 

008270 

NKtM=N0lN-NLlNtb»4 

008280 

r,1  =1 

008290 

IF  (NL  INtS.».O.U)6C  TC  1 7C 

008300 

UO  16l  l=1,SLlNtS 

008310 

If2  = r1  ♦ i 

008320 

RtAD(t.,171)(CO£rF(ll),II=K1,IC2) 

008330 

1 6U 

X1=A2«1 

008340 

IF (NRIA .bU.OIGO  TC  17A 

^|0F^350 

170 

fitAD(5,1  71)  (COEFF  (II  ),II=IC1,N01N) 

008360 

1 71 

F0KK,aT(A(F19.1,1x')) 

008370 

1 7<. 

COM  IM't 

008380 

C 

008390 

C 

ClitCA  ALl  VARlAuLt*.  FOk  VALIDITY 

008400 

c 

008410 

IF(I0F.N£.ItMM1))6O  TO  100 

008420 

IF(WTLCD.Nt.ICHr(2))G0  TO  100 

008430 

IF  (ITLtO.Nt.ICHr  (3))C0  TO  1 f (J 

008440 

IF  (KOACT  .LT  .ROMirOGC  TC  1UJ 

008450 

IF  (ADACT  .LT-AOIWINIGC  TO  10CI 

008460 

IF  (KOACT  .6  r .ROXIAX  )GC  TO  100 

008470 

I F ( ADAC I .GT . AOfAX )G0  TO  ICO 

008480 

c 

008400 

c 

CMtCA  KtbTKAIMS  OF  I'ACFiINl  TOOL 

1108500 

c 

008510 

IF  (f  R Ik.GT  . FI»TKAX  )GC  TO  ICO 

008520 

IF(FRAX.LT.FMTMN)GO  TO  100 

00853(’ 

IF (VRIN.GT .VKTMAX)GO  TO  100 

00»540 

I F (VRAX  .LT  . VMTMN)GC  TO  ICO 

008550 

c 

008560 

c 

RCL'tL  IS  valid.  CORPUT  MIN  COST, TIM 

008570 

c 

008580 

NPTS^NPTSAI 

G08590 

IF(VMAX.GT.VflTRAX)VI''AX  = V*i|TR.AX 

008600 

I F (VRIN.LT  .VMTRIM  VMN  = WMTMN 

008610 

IF(FAIAX.CT.FMTRAX)FRAXsFmTRAX 

008620 

IF(FRIN.IT.FMTRIN)FRIN=FMTAIN 

008630 

VINC=  ( VRAX-VMTAi)/100. 

00864(. 

F1NC=  (FRAX-FMIN)/10t;. 

008650 

VVsVMIN-ViNC 

008660 

■FF  = FMiN'-f  InT 

008670 

00  18C  1=1,101 

008680 

VV*VV*VINC 

008690 

F FrFFAF INC 

008700 

TT=XTL(VV,FF) 

008710 

CALL  FFr£QN(FF,VV,TI,CCST(,TIRr) 

008720 
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IF(C0ST.GT.CM1N)G0  TC  175 

CMIN=COST 

VNINC^VV 

008730 

C0P7<.C 

00P750 

1 

f HlNC=f f 

00&76L 

TKINC^IT 

008770 

J 

ICFC^ICHKCA) 

0OP780 

1 

ITT  ifCf 1FC.6T.TM1N)G0  10  IPO 

C0e79( 

1 

TM1N»  TIKE 

CCEPOL 

1 

WK1NT=VV 

U0F8U 

>1^ 

EK1NT=FF 

UC8820 

TMlNT=n 

008830 

1 

ICFTs ICHKCA) 

008840 

1 

TbO  “fONTlNuT 

0088 5C 

GO  10  luC 

C08860 

200  If (NFTS.Efl .0)6C  TC  210 

008 t 70 

f (KDFA1>=f MlNC 

008880 

1 

V(NDP  + 1)=VMNC 

008890 

% 

T (NOPAl ) =TN  JNC 

008900 

ICF (NCF  +1 ) = lCf C 

00891(1 

I 

F (NUPA2) =f KINY 

008 92C 

V(NDFA2)=V“INT 

008 930 

i 

TCNOFAt)  =1^1^ 

008940 

1 

iCf  <NtiF*2)  = ICf  Y 

DC'895i' 

;l 

NDE 3=2 

008960 

NDF=NDF+2 

00897'^ 

210  lOSTlNOt 

L08  98{. 

CALL  hb YURN  (AHbASt  ) 

008 9vL 

ktlURN 

0L9C0r 

if 

LND 

009010 

i 

OVERLAY  ( FRANA, 16,  1.) 

OOVt^F.. 

' 

Tl  IS  FrtO&hA!*.  PKINTS  ALL  LAIA  IN  SU^^RY  ANT  ON  CH 

C 0 ».  lA  0 N_/ 1*  1 P 0 L / fA  1 C C_D  E , r 1 D I S ( 1 5 ) ^.R  T F K T ( 1 C ) ^ V A'  1.  ( 5 1) ) ^ 1 1 T ..  ^ H F A_X  , X A 
1 , f ri T~M’i  N , f M T t*  A X , VfA  T M N , VM > A X 
COi''F^ON/T  IKE/Xm  ^XKI  ,XN? 

_COI*“OS/riSC/ENDFIL,l,NL^PNAI>'E(6),TLOA04TO 

cox(aon/6pn/iop,cpna>c  <6)  ,'roL;« 

CO«'FON/CLTS/VOLA,  VOL,XL,KOI  S1,E,HDACT,ACACT 

COrftON/TOOL/ITLtD,J  T C RP^  I Y I Y PL  , 1 L D t \(  n ) , C P^C  C,  C U_,  X_1^  r 2^  r 3^ 

1 tF,TB,IS,W,D,C 

COyMON/CCSY  / XXL,XH  ,XF-2  ,C  fee  D,C  tool  ,CDI  LL,l('K,tFRE,Cl<ATCH 

1,CtFLLD,CPfFEO,CRESH,CSET,CLOAC,CF.TV  _ 

CCI'NON/A’AOA/F  («:c),V(2t!),T(2C),ICF(2t),K0F,Nnn  ,Nt>P1,NC.P2/N"rrF3 
COYhON/OUTrUT/nP,H,(PT 


c 
c 
c 

c 
c 

c 

wKir»(A,socj)(rNAA'b<i),i  = i,i.),(''TDis(i),i  = i,i5'),(TLi>Fs(i),i  = i,n) 

Sl.C  FORAA?(lHl,*tUT  DLSIRIP1I0N:*,UC,6AA/*  rACHPF  TOOL  : * , Y 21 1 5 A4  / 
1»  CUYYIAC,  YOOL:*,Yi(  ,VjA4)  


ChLL  FEI»l<iN  TO  OmYAIN  fSS  AND  XXS 
CALL  flREUNd  .,1.,1.,C,Yy) 

WRiTl  TOOL,M/Y  CUY  GIO,,  ETC  INYO  SIJNARY 


00''L'A(; 

CllVC^it 
(;C<?COO 
l OVC  7L 

oo'-r^^tj 
OOVldC) 
no*- IK 
CiOv12[ 
CO'-'I 
00‘'14() 
CC915C 
0dV16f 
iLC«1  7l 
' F r i 8 c 
CO-'KL 
t'092(;t' 
f.:09  2K 
(iO«-’22U 
oc9:i( 
L0V29t 
CU923C' 
r0'20i. 
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UKITE  (<.,bU1)  TO,U  OAC,KL  (’0927( 

iLl  fOK«AU/‘  SETuf’  1 IM  ( MN  ) ; *,  T26,f  7.i',U(  ,*LCAD-L'NLOAD  TISKMK):*  '.C92h( 

1,T65,f  7.2,i;0,*L0T  S I Z f : * , I 9(1 , 1 4 ) _ _JI0',1290_ 

WRl  IL  (4,iii2)Rt>ACT,ACA(.T,xL,E,RDlST,V0l  ,VOL<-  00930(1 

5(.2  fORi»AT(/*  R/DlAl  DEf  tiUlN)  :*,T?9,F6.4,T4(i,»AXIAL  CFOTH(IN):*,  009310 

1 lf)7,Ef..3/*  length  KETAl  COT(lN);«,T26,f7.2,T40,*EXTRA  TPAVEL(IN);«00932. 
i,T65,F7.2,T.‘iO,*RAFIL  TKVS  L I S T C I N ) ; * , T 1 (.  1 , F 7 . 2 / * VOLOI'E  ^'£IAL*  009330 

1‘  tUT(CU  1*1)  :*,T2b,F2.2,T40,»VCLUl'F  AIR  COKCU  I N ) : * , TZ  4 , F fs . 2 ) 009340 

WRITE  (4,S03)Xi«10,Xf"1  ,xr'-2,XK0,XIC1  ,XA2 009350 

5u3  FOrFAK/*  ''(.:*,T5,F10.3,T40,*rM  : • , T44  , F 1 C .~5  , TOO  , *r2  : * , TR4  , F 1 0 .*3/  00‘/36U  ' 

1*  a0:*,T5,F10.3,T40,*L1  :*,r44,F10.3,T('G,*E2:*,TF'.4,F10.3)  i 0937'' 

C »R1TE  HtAUER  FOR  COSTS  ON  CRT  AND  IN  SUMMRY l.fl93«n 

C - — . - - 

IF  (NDFl  .NE.IDURITI  (5, ICO)  009400 

IF  (NOI  {..f,£  .DWRITE  (4,U1  ) _ _ (’pV410_ 

111  foh(*at(//t3L,*cn-line  data  analysis*/)  0094  2!. 

1(j1  FORR  a I (// T sc,  *CN-L  IOE  data  analysis*/)  009430 

141  write  (3,140 _ (ip944tp 

14.  FOHHAT(//1X,T1A,*TOOL  CONST'  FEED  TOOLING*'  - - pf;9^5i 

1, *  T(jTAL  r = CD  FARTS*/*  FIED  SFIED  LIFE  COST  C0ST*00V4tti 

2, *  COSTS  COST  TIM  PER  HF*/*  ( J f’ T ) _( F f (*_)__  (_F1  N ) *j,  ( G947l. 

3*  (1)  (t)  (*)  (5)  ('  IN')'  TCOL  RAX*’/*  ’ *0094Ei0 

4,2(* *),  3(* *),* */)  009490 

C _ 009  SOO 

C W'TiE  nCADlR  Af.D  BASIC  INFO  INTO  SURRRY  00931(1 

C (.'09S2f 

IF  (ND(’C..E(i.u)WRnE  (4,U3)  _ <..09530 

14'3  FORRA  T ( / /,  T50,*-'>NALYSI  S OF  DATA  FRC*  R A C H I f A F- 1 L i T Y FILES*)'  ”00954C 

UKl  Tt  (4,f,0C)  (i0955(: 

two  FORI*  A T (/ 1 X,  T36,*LGAD-  *,T4  3,*RAF’l  (■*  ,TSO,*E  X T RA«,  TS7,*M  TAL*,  0G?56i 

] Ics,*  ColL*,  T77,  *TOCL*  , T04,  *T00L*,T'/1  ,*TCTAl  * 'tVo  , *To'tAL*,'  ’ l'’(;V57(. 

2T11U,*MTAL*,T123,*TCTAI*)  LL'9  58C 

WRI  TE  (4,fl)1  ) _ ..  009  59(1 

cl’I  FORRA  1 ( 1 X,  I 16,*  TOOL*,  122,  *C(]tNG*,  T2a  ,*SETIJF’*  ,T3(j,*UNL’C*, 009600 

1T44,*TRVS*,T50,*TWAV[L*,T57,*CllTTIN<i*,T65,*TOOL*,T71,*TOOL*,T  77,  009610 

t*RESHI  «,T6i,*HRE.SET*,TV1,*FART*,T9ft,*FlEC(  *,1104, 009620 

i*Sf  UL  *,T11C,*RI''VL*,T1l6,*FAKTS*,Tl'2i,*0A’TC''*‘)  r'0V‘63i 

WRITE  (4,602)  009640 

602  FORRA  1 ( 1 X,  * FEE  D*,  T9  ,*SFF  EC*,T1  6 ,*L  1 FF*,T23,_*  FLD*^T2e  , 0pR6JC 

1*CCST*,T36,*COST*,T44,*COST*,TS1,*COSt*,f56,‘*CdsT*,T65'^  ' '009660 

i:*R(PL*,T71,*UEFF*,T77,*C05T*,TN4,*r0ST*,T91,*C0ST*,  (..09  67( 

3T9,-  ,*  TIM  *,  T10S,*i.F-*,  T110,*RATE*,T1  I 7,  * PF_R  * , T 1 23  ,*  COS  T * ) 0096M 

WB  I TE  (4,6(.3)  "■  ■609690 

6L3  F0R6  AT61X,*(IPT)*,T9,*(rpr)*  ,T16-,*(RIN)*,l22,*COCE»,  009700 

1 T2»,*  (! ) *,T37,* (I) *,T44,* (S)*, T51,*( J) *,T5R,* (1) *,T65,  ^ 0C9710 

2 * ( 1 ) * , 1 7 1 , • ( S ) * , T /R  , * ( 5 ) * , r A 4 , * ( I ) * , T 9 1 , * ( Y ) ■* , 1 92  , * ( R j 'i  )'*  , 009  72  V 

ill  n 5, *ko0*,T109,*(riF.'')*,T116,*T0CL*,T1t4, *(()*)  009  730 

WRITE  (<.,6(  4)  _ _ _ _ f!C'P74L 

604  FOrAA1(1X,5(1H-),T6,7(1H-),T16,6(\fI-),T23,.3(1H-),t'27,  0097S6' 

1/(1h-),T35,7(1H-),T43,6(1H-),T50,6(1H-),T57,6(1H-),  009760 

<;T64,S(1ri-),l70,6.(lH-),I77,5(lF.-),TKi,5(1H-),1P9,  ^ ^ 00977L 

37(  if:-),  TV7,7(  1F<-),T  105,3(1*-),  T109,6  (1  < - ),T1 16,50  H- ) , n 22',  6 ( lH-V)n097.H  0 
C 009  791 

DO  20C  JJ  = ),NDr  _009'L(D() 
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CALL  Ftf'tuS(f(JJ),V(JJ),T(JJ),C,T'') 

iKiTt  fIr.Al  OLIfUT  in  CKI  A^D  

IuA.'’AI(/) 

If  (NDFw.M  .1  )tO  TO  149  

Jf  (NUf 1 .f O.i  )GC  TO  14- 
If(JJ.l0.4)»KlTf(i,14(’) 

1 f ( JJ  .L0.4)kRI Tl ( 4, 1 47) 

I f U J . tU.6) WK I T I (i,1 4 7) 

If  (J J .fcO  .6)W»1T I (4,147) 

OC  TO  I4v  

If  (JJ.fo.  3)kHITI  (i,147) 

If{JJ.t(J.i)«RITf  (4,147) 

CO'JlIMlt 

WRITti3,150)f(JJ),V(JJ),I(JJ),Xltn,CFEEr,CTCOL,C,Tf',H>T,KI’ 


(juvhif; 

UV9>-3C 
009840 
0098 5( 
0C98_6n 
0DV8  71J 
0098.8' 
0098  ■/(' 
0C'99r', 
009910 
009920 
■■ao99i\ 
00''940 
(;C99'9i 
009960 
0{J9970 


12X,f  3.0) 

WKlTE(4,7u(,)F(JJ),V(JJ),I(JJ),ICF(JJ),CStT,CLCAC,CRTV,fEfEtl' 

1,L;-.FLED,CUULL,CDEI>.LRESH,CPRE,C,TM,hP,F,,PPT,CPATCH 

00'.'99() 

01U00C 

oin( 10 

/uC 

FORMA1(1X,F5.3,Ta,f7.1,T16,f6.1,T25,I3,T27, 

r'ioc2(.' 

1F7.2,135,F7.2,T43,Fe.2,T50,F6..2,T57,F6.<',T84,f5.2,T70,F6.2, 

(•1l  03’ 

2T77,F5.2,I8<,F5.2,T8»,f7.2,T97,F7.1,Tl04,f4.C,.11C9,  F6.1, 

01004!} 

5T116,f5.1,T122,f8.2) 

C10()50 

C E 

rtD  OF  DC  LCOH  FOR  F,V,TL 

010060 

C 

r.  10070 

) CONTIKLE 

IF  (NDF0.NE.!))G0  TO  32(1 

If  (NDF1  .NL^O)GO  TO  3(iO  _ 

WRITE  (’3,150)' 

WRITE  (4,350) 

J I F (^Df  2^NE  .(j)&0  TO  310 

WRITE  ("3,  360  )"' - - 

WRITE  (A, 560 

1 ^ JLT  ^^0P3^NE  a lGO  TO  320 

■ WRITE(3,370) 

WRITE  (4,370) 

; COMINOE 

) FoRMAK/*  There  is  no  level  f data*)' 

1 fORMAK/*  THERE  IS  NO  LEVEL  2 DATA*) 

I FORWAT(/«  there  IS  NO  LEVEL  3 DATA*)  _____  

RETURN  ■ ‘ ‘ 

END 

OVERLAY! FRANK, 17,0) 

PROCRAr  PEMONL 

THIS  PROGR AM  ALL 0^^  FOR  ON- LINE  INPUT  Of  MACf  lNABlLIT Y DATA 

COMMON/M  ADA/F  (20)  , V ( 2C  ) , T ( 20  ) , I C F ( 20  ) ,N  DP , N’DF  0 , NCP 1 , N DP2  , N P P3 
1,TLIMIT,VMIN,VMAX,FMIN,FMAX 
COMMON/ ANSR/I  Y',N0 
NOFa=C 

: WRIT£(3,110) 


OlOO'-O 
010090 
0 101  (A. 

01 01 1C 
I 1'i1?u 

1X0X3  c_ 

010140 

01015' 

0 1 CJ  Mi 
■C1C17(! 
ntiM 

010190 

OIOPOII 

010210 

_01()^20 

(rro23( 

Cl  0240 
010250 
( TC26 ( 
010270 
010200 
01029C 
010300 
01031 1) 

E 1032X 
010330 
010340 
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IK 

FOfMAU/*  OS-LIM  INFUT  OF  F,V,T'  •) 

010350 

h 1 /•<  0 1 1 , 1 2 0 ) : A 

( 103(^0 

ItL 

f Chi  A IIAI  ) 

r,1U37lJ 

IF  ( lAf.s.tu.  iY)tc  1C  is;. 

0103110 

I F ( I AhS.  F U.F.O)  ht  I lihA 

G1U3FI1 

h/wni  (3,13/..) 

oincoo 

lit 

FOhNAK/*  YIS  Oh  KO  CNLY.  IhY  AGAIN.*/) 

C1041U 

GO  10  1liL 

1,  1C42C, 

1 "K 

taHI1t(3,1fcU) 

C10430 

Itl. 

FOhAAU/*  lAPlII  NO.  t/'IA  POINTS  AND  F ( 1 H T ) , V ( f F »•  ) , 1 ( •- 1 N ) * 

010440 

1/*  FOP  [ACfi  DATA  FOiNT«/»  -•) 

010450 

hf.  AD(*,*)NDI,(I(1),V(1),T(1),K1,ND() 

01046C 

!'0  1/(  1 = 1,*.  DP 

^ 1047'' 

1 71, 

Kf  ( 1 )-l 

0104,- 1: 

1 i)  F G = 1 1.  F' 

01  0401, 

HI  UiFN 

01 05 or 

1 \ L( 

1/10510 

OVtF  1 Ay  ( 1 F A-.r  ,io 

01052; 

FhCGhA*  FA' 

01(1530 

c 

C 1054C 

C SI 

•hPLllFf  TO  IVALIAIF  FACE  FILLING 

01055!. 

t 

gHITI  vi,1lil./) 

C1C56U 

(110570 

1 L>  C 

FOfAAU*  YOl.  AhL  IN  SiPFOOFINF  FA**) 

' 105.M. 

K 1 I L K N 

01C5vr, 

1 NO 

01  (/too 

OY  thL  A Y ( f K A»  r ,4  1 .(  ) 

G1C/.U 

1 K C Gh  AF  (LI 

no/,  20 

C 

1 1 06  5! 

C S L C h 0 L 1 I 1.  ”■  10  F Y A L L A U F C C r f 1 1 \ C. 

U1G64U 

C 

whill  l3,1tG) 

01065C 

('1('/6C 

Uc 

FOITATL*  YOU  AH  IS  SUfFOUIIM  I'Ll*) 

C10/7C 

kL  lUKN 

01C6F'L 

t NO 

01  ''(SGt 

OVthLAY  ( FriA.\r,;'2,U) 

010700 

F kCGK  AF  SL  T 

010711 

t 

010720 

C SI 

.'WOLllNL  10  IVALlATI  jLOTTlNG 

ni073P 

c 

«K i H (3, luu) 

C 107a' 
010750 

loL 

FChF/Nll*  Yul  AKt  IN  SI.'FCUlINt  SLT*) 

01076C 

htiuhr. 

01077: 

1 ND 

C107®C 

0Vl-LAYlFhASL,1S,l  ) 

0107VO 

F MLGS  *.»  COM  OUA 

not  00 

c 

01  OF  10 

C SL 

l,(iOLTIM  to  FHINT  GONTOIK  LIMS  AM  CREATE  F,V,TL  ARRAY 

010f'2(' 

C 

DIiALN'ICN  ClEVIL(U'),PlFVEL(10) 

CU:S3C 

010P40 

F.  XTL-yNAL  XTL 

010850 

COr^CN  /ANi*./IY,NO  ■*  010^60 

CCI•^C^/^  AD/. /Ki'(:),V(i;C,),T  (?L),lCf  (?^.),^r'F,M;FC■.,^CF1,N0F2,^^F3  010^70 

1,11  II'  ^,V^'I^,V^AX,F,' 1IJ,FFA>  _ _ _ _ 
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J 


COM'CK/CLTS/yOLA,VCL  ,XL  ,f<OIST,f  ,Kt;ACT,At  ACT  ri1Ct-V( 

COK'ON/CCST/XH,  ,XH,XA2,CfhCD,CTC0l,Ct)(lL,Ct/tt,CfPf,CLATCH  tIOVCC 

1 ,tt- f t Ll.CMU  t ,CSI  T ,Cl  OAC,CI<T  V UJC^U 

CO.'KCK/t  IKt  /XM  ,X^  1 ,X«2'  ' ■■  UllJ'^PC. 

COi-rtOA/TCOL/lILCn,iIOPf',lTTYXt,ILf)fS(15),L^',(C,lW,M,X^,X3,  01(j‘^?r 

1 _ niovA': 

XI  ( V,f  ) = XI' L»XK1 /X  A ( V,  f ) ♦XX?/XK  (V,F  ) /XTl  IV,  n Clf'VSl 

XA(y,F)-XM  ♦XM /X  a ( V , f ) ♦Xrj/XK  ( V,  f ) /XTL  ( V,F  ) CILi'/A’C 

xk ( V, n = i: . *v» f *Ai /. c 1 *KnAC T«  urAT(  w’ ) /r /3.  ui 59_  oipV7(,_ 

1 tOMJMit  - - CU’98i.. 

VLC  = VMN  nc‘/9lj 

VH1=VAAX  (.110(11) 

no  = fMN  ‘ OiioiV 

fhl=fkAX  011020 

2C1  C0N11MIL  U1103p_ 

'call  iNini.Ui)  'oiiOAf 

yV  WRUt(3,r.u)  C11041 

cL,  FOtvKAT_(/_l  OO  YGl  WAM_I_0  CliAKGF  XAX.  T_C  C ( LIfF'  *J C IIJlAr 

KL  Al;(  :,1  (.1  ) I ..Nb  011043 

1 f ( I ANb. C9 . 1 Y ) GO  TC  M 011044 

I f ( 1 ANS . LG .f 0)G0  rt  kV  _ _ _ 01104b_ 

wKirt  (i,iic)  ri'ioAo 

GO  TO  74  ' 1 1C47 

“ 1 mNlIt  __p.1104»;__ 

. ‘fOkAlAK/*  IN0U1  r / X . TOgI  I J T F (n  = NO  LlMI)*/*  -*)  011049 

kt  A0(  2,»)  IL  IMI  T 01  lOS'i 

*4  NhLC  = -i  

NMT  = -‘,  11060 

Xkl  Tt  ( 1L.11)  011070 

IOC  fOIO'All/*  CO  YCl  V.AM  1C  CkCOSL  CCSIOyk  L 1 '■  { 6 ' *)  011U'*-L_ 

i:tAD(X,11)1  ) lAT.S  011090 

1(1  T Oh'^AI  (A  1 ) r 1 1100 

I K lAT.b.lQ  . lY  )GL  U.  U’l.  . 1;1  1 1 1C 

If  ( lAkS.lG.i.O)CC  TO  151'  L.iiik; 

bkITE (i, 110)  C11130 

110  fOUr.AK/*  YLS  OK  f.o  OILY.  L L T i.  S TRY  A 4 A 1 T.  ‘ ) _01J_14(; 

GO  10  4(  011150 

12g  »kITt(<,121)  L11160 

121  FOkrAK*  CObT(l),  1Ik((2),  On  HCTH(.<)*/*  =♦)_  01.11_70_ 

h£Ao(^ .* ) I -HICK  ci 1 leo 

I f ( IW0Uh.l').2)G0  to  140  01  1190 

kR  I IF  (3,130)  _ . 011200 

lie  fOH.'-AT(/*  P.FOT  NC.  C(JfTCl.'R5  AFC  CC51S*/*  -*)  011210 

KFAP(2,*)F(MC,(CLtVll(1),I  = 1,NMC)  011220 

I F ( IWHUh.Nt . 3)  GC  TC  151'  _ _ 011230 

140  bKllt(i,141)  ' ()1124( 

141  FORAAK/*  INPUT  NO.  C0NTCUP5  ANL.  Tlf.1S*/‘  =»)  01125L) 

Rt  AO  (<;,*  JM.LT  , (PL  bV  t L ( I ) , 1 = 1 ,NM  T)  M1iL6l' 

1 50  CALL  I'  1 1 1 (3U)  (I'l  1 270 

CALL  VWlNDC(C  .,P  I-  . ) {1112SG 

CALL  5wIM)('(2Ui:,c'L;(:, 2(1(1, 560  _ .....  (.1129l 

CALL  CON1R(xTL,VL(i,Vi.i,fLO,ftil,9(,.,’NNLC,CLtVIL,C,XxO,X».  1,X),  2,  01130(j 

IROAC  I ,AL' AC  t , 1 7 , C,  TL  IK  I T ) Cl  13l! 

CALL  CCMk  (XTL,VLC,V(  I , f LC  , f II 1 ,4(1 . , NN  L T , F L I VP  L , 5 6.l’'.>''.0,  X-’'’ 1 , > P 2, . 0 1 1 3?  0 
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! 


i, 

! 


idCi 

ici 


1 hUACT ,ACAC  r , W ,0,1 1 1 M I ) 

CALI.  VUKUL  ( VLC,  Vhl  - VL(..,f  L(,,^  H 1-f  U, ) 
X 0 I F = V H I - V I 0 
to  .i^( 

11=11-1 

XDIV  = ‘).*1U.**1  1 

IKXUlf /XDIV.OL.A.IOO  to  ic'J 

XDIV  = t.^>*1(..**II 

IF  (XDJ1 /XOiV.OF  .4.)(,0  10  1^5 

xeiv=<.»nt.**ii 

I F IXD  1 F /XOl  y/ .Gl  .4  . ) 00  tO  3c'3 
XL'IV  = 1.*1U.**II 

IF  (XDlf /XDIV.GF  .4.)r,0  10  3:3 
CONIIM'F 

lxriur  = ]M(xoi  F/XtlV) 

CO  33'j  1=1,1(101.1 

II  = 1-1  I F (XI)  IV  * I I .01  . VI  0)G0  T 


011330 
1)11  340 
_'I113'>(' 
011360 
011370 
_ _ 0113!*0 

bl13t(j 

011400 
0 1 14  1 L 
■'(•114?( 
(114  30 

011440 

' '■  “ciiu'/ij 

OlUfty 
0114  70 
('1  UhO 

334 


<35 

CONTIM.l 

011510 

334 

GVl 0=XU1 V*I  I 

01152( 

YOl  F=  FhI-F  LC 

011530 

DO  42(,  1 = 1, cO 

011540 

11=11-1 

( 11550 

YD1V=5.*10.**II 

011560 

IFCYDIF/YDIV.GF  .4.)(.C  TO  4:3 

011570 

YO  1V=:.  5*1(1.*  * 1 I 

OIISK'J 

IF  (YDIF /YDIV.GF  .4  .)(  C TO  4:3 

0115V(, 

Y D I V = 2. * 10. ** I 1 

( 1 160( 

1 F ( Yl)  I F/ YDI  V.GF  .4  . ) (,C  TO  423 

C'1 1610 

YD1V=1.*1U.*»II 

011620 

1 F ( YD  1 f / YUl V.6I  .4 . ) GO  TO  473 

CL1  1 tiO 

A ^ (j 

COM  1 MJF 

011640 

423 

1 YM)A'  = ]N  I (YD  I F / YD  1 V ) 

I 1165C 

DO  435  1=1-10001 

011660 

11=1-1 

011670 

IF  (YD1V*11  .(.t.F  1 0)G0  TO  434 

Cl 168L 

435 

COFUIAUF 

0116<)(' 

** 

GFL0=YUIV*1 I 

011700 

CAIL  "OVAhsCOO,:!)!)) 

011710 

DO  4liL  1=1,10 

Cl  1720 

1 F ( ( 1-1  ) *XuI  V + GVI  O.GT  . VFI T ) GO  TO 

4C5 

011730 

CALL  DKAWA((I-1)*XPIV*GVL0,FL0) 

011740 

CALL  r tWKLL  (0,-1(l) 

011750 

CAIL  ^OVf'  tL  (-25,-20) 

011760 

CALL  KULAM(GVLO*( I-1)*X01V,0) 

(1117  70 

CAIL  A'.OVF'LL  (25,30) 

011780 

400 

comiiyul 

011790 

4 0 3 

CALL  DhAWA ( VM 1 ,F LO) 

011800 

CALL  ^OVAlTG(200,^()0) 

011810 

00  5C(,  1=1,10 

01  IF  20 

1F((I-1)*YD1V+GFL0.&1.FHI)G0  10 

505 

()11«30 

CALL  DDAWA  (VLO,  (1 -1  ) *Y('l  V + GFLO) 

011840 

CALL  DkwML  (-10,0) 

011850 

CALL  f»OVhtL  (-75,-5  ) 

011860 

CALL  ^OU^lJ  (GFLO  ♦ ( 1-1  ) *YDI  V,4) 

011.8  70  __ 

I 
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‘juo 

iui 

call  »CV»U  (Kb,b) 

CALL  DhAwA ( VLO, f HI ) 
lAH  A0VAbS(0,'jbG) 

01  irmf; 
01  U9( 
OIINO' 

call  A^^’0  0^ 

WRIT!  (i,b01 ) 

fUL-MAU1X,'l  '/IX,'!  < / ,<  1 • • 

r.  • ) 

'iFlUlF 

omvo 

01 1950 

CALL  ^OV*U5(bbO,1 7b) 

■■  01  URO 

CALI  A^^00^ 

cnobt 

aM  1 1 ( i,  Vhr) 

Cl  1VA(r 

V.*-6 

tORfA I (/ <bx,*  SF 1 H)* ) 

01 1V7( 

WRI  tHi,10CI1)  < Cl  1 VH  ( I ) , I*  1, 5) 

( IIVRF 

U.01 

F ORMA  U / UX  , ' COM  <C)  -',tX,'A=' 

,Ff'.2,2X,'l=',Ffr.2,2X,*C=', 

01 1V01 

1 K)  .2,.  X , ' D = ' , F(,  .2,2X,  *1  = • ,t  C .2  ) 

1 i.'fkm; 

WR  n F (i,1UU2)  (Rl  F VU  (1  ) , 1 = 1 ,b) 

U12U10 

1 Llii! 

FOKR.A  1 ( ) X,  ' t'KOOlJC  1 UN  TIF'F  (Mn) 

-•,1X,'1='  F6.2-2X, 

(i1  2020 

1 '2=',  )6.2,2x,  • 5=' , U .2,^X,  •<.  = ' , t6.2,?X,  •b=' ,F(..2) 

1 12(':(' 

WH  1 I 1 ( S I'll’^)  Tl  IN  ! t 

01  20  51 

Il.l  i 

1 0 K N A U • RAX  U)  C 1 1 ] ( 1 = < , F 5 . 1 , b X 

,*SPlIl=COSI  F)ASIIF  :)=1  IMF  A ) 

(,121  32 

CAFF  VU.RShl  1CMAK,V1  C,F1  C) 

1 120R0 

CALL  VlUHSR  ( ICtiAK  ,VH  I , FH  1 ) 

('12F)bO 

] F F VI  L U.F  . VM  1 . ANi,  . F t 0.  ot  . F >'l  )(>C 

1 0 1 

()  12(1*0 

WRl  IF  13,100'.) 

0 121  70 

1 mi<i 

forma  ll  1 X,  • vF  DkAW  wII>-  f.F  W L 1 M 1 I S ' ') 

01  2Crl‘ 

RLAO  ( 2,  tt.Ub  ) I AF  S 

1 .'OL'C 

1 m<  b 

F OAF  A 1 ( A 1 ) 

012100 

IF  ( I Af..'  . F U . I Y ) (.0  U'  cl  1 
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APPENDIX  F 


INPUT  AND  OUTPUT  SEQUENCE  FOR 
MICRO  PROGRAM 


(User  Responses  Underlined) 
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APPENDIX  G 


OUTPUT  FROM  MICRO-ECONOMIC  ANALYSIS  PROGRAM 
FOR  ALL  ROUGH  AND  FINISH  CUTS  ON  F-15  FORMER-UPPER  PANELS 
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